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Abstract 
 
Typically a top-down approach is used in the fabrication of functional nanodevices 
beginning with the bulk material and imposing a two or three-dimensional structure on the 
material through a combination of lithography and etching.  Pre-patterning of a substrate, 
resulting in the selective growth of a material, has potential for forming three-dimensional 
device structures in ways that can be more efficient and which can avoid process complexity 
and process induced damage.  In this thesis, the low temperature (90°C) aqueous growth of 
complex, single crystalline zinc oxide (ZnO) three-dimensional devices through pre-
patterned micron and nanometer sized molds is presented.  This work focuses on the quality 
of the single crystalline ZnO material, the constrained growth of ZnO through various sizes 
and shapes of molds, and the fabrication of several device structures including pillars, rings, 
and photonic crystals.  Due to their single crystalline nature and crystallographically smooth 
sidewalls, photonic devices created using this growth method have the potential to 
outperform traditionally fabricated structures in a range of optoelectronic applications.   
In addition, metal-oxide interfaces are the critical components of many electrical and 
optical devices, and it is rare to find epitaxial metal-oxide structures.  In this work, the first 
demonstration of low temperature, epitaxial growth of ZnO on single crystalline gold plates 
is presented.  The quality and structure of the ZnO on the gold plates is investigated using 
 iv 
scanning electron microscopy, atomic force microscopy, and photoluminescence 
spectroscopy.  The epitaxial growth is confirmed using electron backscatter diffraction and 
transmission electron microscopy.  The metal-oxide interfaces fabricated have the potential 
to be used in a number of technologically important applications.  Possible examples include 
creating high quality electrical contacts on high bandgap materials and improving light 
extraction from planar LED structures. 
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Chapter 1  
 
Introduction 
  
 Wide bandgap semiconductors are a promising avenue for improving and developing 
semiconductor optoelectronic devices.  In addition to creating new devices it is also 
important to consider how wide bandgap materials can be integrated with existing 
semiconductor technologies.  Semiconductor technology has been widely developed 
throughout the 20th and 21st centuries as understanding of solid-state physics has drastically 
increased.  The fast paced development of integrated semiconductor circuit technology has 
revolutionized almost every field of modern life.  Most notable is the development of home 
and mobile computing and the associated dramatic increase in global communication made 
possible by the development of internet technologies.  In addition, technology advances have 
improved almost every aspect of human life from advanced medical imaging techniques to 
improved understanding of the solar system via the deployment of autonomous exploration 
robots.   
 The most prominent material used in semiconductor technology to date is silicon.  
Advanced processing techniques have been established for silicon technologies enabling the 
large-scale mass production of intricate silicon based circuitry.  While there has been 
 2 
explosive growth of silicon integrated electronic devices, the limit of what can be achieved 
with current approaches is being reached [1], [2].  The size of devices is quickly approaching 
atomic length scales and improvements in the transmission and processing of information by 
solely electronic means will soon be no longer feasible.  One promising potential solution to 
this is to integrate optically active components into more established material systems [3].  
Direct wide bandgap semiconductors are promising materials for this application as they can 
be used for high current power control electronics and rapid switching technology [4].    
 One promising wide bandgap semiconductor is zinc oxide (ZnO).  ZnO has long been 
used in a wide array of non-electrical applications from pigments to medicine because of its 
material properties [5].   More recently, its potential uses as a semiconductor have drawn 
considerable attention.  Along with other more widely used wide bandgap semiconductor 
materials such as gallium nitride (GaN), ZnO is promising for optoelectronic devices.  Since 
the early part of the 20th century the structural and optical properties of ZnO have been 
studied [6]–[9].  Over the past several decades, thin films of ZnO have been fabricated and 
integrated into several devices such as transistors and LEDs [10]–[13].   
 Like GaN, which has been an important material in the development of white solid-
state lighting, ZnO has an ultraviolet bandgap and wurtzite crystalline structure [14], [15].  
There are several advantages to using ZnO instead of GaN.  The first advantage is that large 
single crystalline substrates of ZnO can be produced, which are advantageous for optical and 
electrical devices [16].  GaN, on the other hand, is typically grown on a substrate of a 
different material such as sapphire or even ZnO.  The lattice mismatch between GaN and 
sapphire is quite large and leads to numerous defects in the GaN material [17].  Another 
advantage of ZnO over GaN for optical applications is its larger exciton binding energy.  The 
 3 
exciton binding energy of ZnO is ~60meV, which is larger than the mean electron energy at 
room temperature (25meV) [18], [19].  Therefore, stable excitons at room temperature in 
ZnO are possible as well as room temperature UV lasing.  GaN, on the other hand, has an 
exciton binding energy of ~26meV making it very difficult, if not impossible, for lasing to 
occur at room temperature [19].  Even though there are many advantages of using ZnO over 
GaN, it has proved difficult to create reliable p-type doping in ZnO and this has prevented it 
from completely replacing GaN. Recent reports of p-type doping in ZnO are promising, 
however, the doping has been seen to degrade with time limiting the usefulness in devices 
[20], [21].   
 Some additional properties that make ZnO attractive for semiconductor technology 
include its high piezoelectric constant and high conductivity when doped.  ZnO being a 
highly piezoelectric material makes it attractive for use in ambient energy harvesters or 
precision actuators.  While p-type doping is difficult in ZnO, n-type doping has been 
extensively shown and leads to conductivities similar to, and in some cases better than, those 
seen in traditionally used ITO layers [22], [23].   
 ZnO has already been successfully used in a variety of optoelectronic devices across a 
range of applications.  These include light emitting diodes and solid-state lasers where the 
high exciton binding energy and large bandgap is advantageous; photovoltaic devices where 
it has been used as a carrier injecting layer; sensors where its surface chemistry provides high 
sensitivity to changes in its chemical environment; and transparent transistors which have 
applications in touchscreen technology.  A more detailed overview of ZnO devices and 
nanostructures can be found in [14], [24].  One of the main challenges associated with using 
ZnO in optoelectronic devices is fabricating the required device structures and incorporating 
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them within existing technologies.  Several nanostructures of ZnO have been reported 
including nanowires, nanorods, and photonic crystals to name a few [24]–[26].   
 Traditionally, top-down fabrication approaches have been used for the creation of 
optoelectronic devices.  These methods typically involve the removal of unwanted material 
through wet and dry etching processes.  While top-down fabrication approaches are accurate 
and precise, the etching processes needed cause unwanted damage to the material [27], [28].  
Bottom-up fabrication of devices, on the other hand, is often much less complex, avoids 
process-induced damage, and reduces the amount of material wasted.  For many bottom-up 
approaches, top-down fabrication techniques are still needed to create mold structures 
through which material is grown however, complex three dimensional structures, which 
would be difficult to create with solely top-down techniques, can be made.   
 ZnO has been grown using many different growth techniques including chemical 
vapor deposition, sputtering, electrodeposition, molecular beam epitaxy, pulsed laser 
deposition, and aqueous processes [14], [15], [24].  This thesis presents work towards the 
development of complex three dimensional ZnO photonic structures using an aqueous 
growth technique to selectively grow the required structures.  The advantage of aqueous 
growth is the ability to inexpensively grow high quality single crystalline ZnO at low 
temperatures with a large amount of control over the resulting structures.  
 Before proceeding to describe the details of this work, an introduction to the relevant 
background material is provided in Chapter 2.  An overview of semiconductor materials is 
given along with specific material properties of ZnO.  In addition a detailed description of 
top-down versus bottom-up fabrication processes is elaborated on and details of the aqueous 
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growth process are presented.  Lastly, common defects and dopants of ZnO are mentioned as 
well as some of their effects on the material properties. 
 Chapter 3 begins the experimental results of this thesis by detailing the optical 
investigation of the single crystalline ZnO grown aqueously.  Photoluminescence 
spectroscopy is used to compare the aqueously grown material to both annealed aqueously 
grown ZnO as well as commercially purchased ZnO.  Optical measurements are taken on all 
three types of samples while they are being heated to further study the material quality.  
Persistent photoconductivity is also measured and compared for the ZnO samples. 
 The constrained aqueous growth of ZnO through mold structures is shown in Chapter 
4.  The fabrication steps for the single crystalline ZnO structures are detailed in the first part 
of the chapter.  Structures grown through molds made with photolithography and electron-
beam lithography are studied as well as those grown for various amounts of time, with 
different concentrations of growth solution, and through different size and shape molds.  A 
detailed analysis of the growth possible is given along with crystallographic studies 
performed using electron backscatter diffraction.   
 With the understanding of the types of ZnO structures possible, Chapter 5 presents 
three specific optical structures that were made out of ZnO and some of the challenges in 
their fabrication.  These structures include microdisk resonators, ring structures, and pillar 
photonic crystals.  In addition, simulations are presented for the microdisk resonators and 
photonic crystals to explore the structures required for specific applications.   
 Chapter 6 describes the epitaxial growth of ZnO on single crystalline gold.  While 
ZnO has been epitaxially grown on several substrates, the ability to epitaxially grow a single 
crystalline continuous film on a metal is advantageous.  Details of how changing the growth 
 6 
kinetics varies both the top surface of the ZnO and the material at the interface are presented.  
In addition, electron backscatter diffraction and transmission electron microscopy are used to 
confirm the epitaxial relationship between the ZnO and Au.   
 Lastly, Chapter 7 summarizes the main results presented in this thesis and provides an 
outlook for the future of ZnO optoelectronic devices grown using aqueous methods.   
  
 7 
 
Chapter 2  
 
Background 
 
2.1 Semiconductors Overview 
 The periodic potential of crystalline solids results in an energy range in which no 
electron states exist.  This energy range is known as the bandgap and is critical in 
determining the electrical and optical properties of a material [29], [30].  In a simple 
description, which gives the essential elements of the energy landscape of a semiconductor, 
the bandgap divides the energy structure of a material, creating two energy bands in which 
electron states exist as shown in Figure 2.1.  The lower energy band is known as the valence 
band and the higher energy band is known as the conduction band.  The Fermi level (EF) is 
the energy below which all electron states are occupied at a temperature of absolute zero 
(0K).  The position of the Fermi level relative to the conduction and valence bands, 
combined with the magnitude of the bandgap, determine the electrical properties of a 
material.  In order for a material to be conducting it requires a partially filled band to support 
a non-zero drift velocity when a voltage bias is applied.  In metals, the conduction and 
valence bands overlap and there is no bandgap as shown in Figure 2.1(a).  This means that 
regardless of where the Fermi level lies there will be a partially filled band, and therefore 
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metals are good conductors.  In insulators, on the other hand, the Fermi level lies within a 
large bandgap that is much wider than the energy available to thermally excite electrons 
within the material as shown in Figure 2.1(c).  This means that the valence band is 
completely full and the conduction band is empty, resulting in low electron mobility as 
expected in an insulator.  Semiconductors, as the name suggests, are in between metals and 
insulators as shown in Figure 2.1(b).  Like in insulators, the Fermi level in a semiconductor 
lies within the bandgap between the conduction and valence bands.  This means that at 0K 
semiconductors do not conduct, as they have a completely full valence band and completely 
empty conduction band.  However, the magnitude of the bandgap in semiconductors is small 
enough that at temperatures above 0K there is a non-negligible probability of thermally 
excited electrons occupying states within the conduction band.  These conduction band 
electrons allow semiconductors to conduct, particularly with the addition of dopant states 
described later.  The position of the Fermi level, and thus the occupation of the conduction 
band, can be controlled by varying the doping within a semiconductor.  This allows the 
conductivity of semiconductors to be varied.  In addition, the occupation of the conduction 
band can be influenced by the application of electric fields, making semiconductors ideal for 
creating non-linear electrical components such as transistors.   
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Figure 2.1: Energy bandgaps in (a) metals, (b) semiconductors, and (c) insulators. 
 Semiconductors can be further divided into two main classes: indirect and direct 
semiconductors.  Indirect semiconductors are less optically active because the minimum 
conduction band energy does not have the same k-vector as the maximum of the valence 
band as shown in Figure 2.2(b).  This means that optical transitions cannot be driven solely 
by photons and require interactions with phonons in the crystalline lattice in order to 
conserve momentum.  In direct bandgap semiconductors, the minimum of the conduction 
band occurs at the same k-vector as the maximum of the valence band, shown in Figure 
2.2(a), making optical transitions more efficient as they only require interactions with a 
photon.   
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Figure 2.2: Dispersion curves for (a) direct semiconductors and (b) indirect semiconductors. 
  As mentioned above, the electrical properties, for example the conductivity, of 
semiconductor materials can be manipulated via the application of external fields or doping.  
Doping a semiconductor involves the incorporation or removal of mobile charge carriers by 
donors or acceptors.  Two types of doping, n-type and p-type, are possible in materials.  In p-
type doping, additional positive carriers (holes) are incorporated into the semiconductor by 
the addition of certain types of atoms.  Using silicon as an example, one way that this can be 
accomplished is by adding a trivalent atom such as boron into the crystalline lattice as shown 
in Figure 2.3.   
 
Figure 2.3: P-type doping in silicon using boron electron acceptors. 
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Typically, silicon atoms form four covalent bonds with neighboring atoms as silicon has four 
valence shells electrons.  Boron however, only has three electrons in its valence shell and 
therefore can only covalently bond with three of the neighboring silicon atoms.  Since there 
is one less bond when a boron atom replaces a silicon atom a hole is left.  The boron atoms 
can accept an electron from a surrounding silicon atom but now the silicon atom is one 
electron short and the hole has moved to the silicon.  Using a dopant such as boron that 
accepts electrons from other atoms produces an increased number of holes in the material.  
Therefore, doping a material with electron acceptors produces p-type doping.  If instead an 
electron donor, for example a phosphorus atom, replaces one of the silicon atoms in the 
crystalline lattice, as shown in Figure 2.4, the material becomes n-type doped.  In this case, 
the phosphorous atom has five loosely bound valence electrons however; it is only able to 
make four covalent bonds to nearby silicon atoms.  An extra electron is remaining that is 
only loosely bound and can therefore move around the lattice of the crystal.  As the 
incorporation of phosphorous introduces an extra electron into the material, it is known as an 
electron donor and leads to n-type doping.   
 
Figure 2.4: N-type doping in silicon using phosphorous electron donors. 
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 In many semiconductors the location and concentration of dopants can be precisely 
controlled.  Current is the movement of free charge carriers (electrons and holes) in the 
semiconductor, and the ability to change the concentrations of these carriers in specific 
regions is a powerful tool for numerous structures such as p-n junctions [31].  The addition or 
removal of charge due to doping changes the electronic band structure of the material relative 
to the Fermi energy (EF) by the addition of energy levels in the bandgap.  For p-type doping, 
incorporating additional electron acceptors produces an energy level near the valence band, 
typically in the range of meV from the valence band edge.  Electrons in the valence band can 
occupy those dopant states, thus creating holes in the valence band.  The effect of this p-type 
doping is that the Fermi level shifts closer to the valence band, as shown in Figure 2.5.  For 
n-type doping the opposite effect occurs.  The incorporation of electron donors in the 
semiconductor material creates additional energy levels inside the bandgap with energy 
slightly less, typically on the order of meV, than that of the conduction band.  As the energy 
of the defect level is not very different than that of the conduction band, electrons can be 
easily promoted into the conduction band causing a shift of the Fermi level closer to the 
conduction band.  The ability to change the position of the Fermi energy is advantageous as it 
allows for engineering of the electrical properties of the semiconductor.   
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Figure 2.5: Shift in the Fermi level energy (EF) relative to the electronic band structure due to 
doping. 
 Semiconductors are popular materials for optical devices and numerous devices such 
as lasers, LEDs, and optical interconnects have been researched, developed, and 
commercially produced [32]–[34].  Semiconductors interact with light via transitions of 
electrons across the bandgap of the material.  When light is incident upon a material the 
absorption of photons promotes electrons from the valence band to the conduction band 
creating photo-generated carriers.  Recombination events, where an electron in the 
conduction band transitions into a hole in the valence band, result in the emission of a photon 
from the semiconductor.  The energy of the emitted photon directly corresponds to the 
change in energy of the electron as it transitions between the bands.  In addition to photo-
driven transitions, semiconductors interact with light via their dielectric constant/ refractive 
index.  Engineered semiconductor structures can be used to create periodic variations in the 
refractive index encountered by a propagating light wave.  This allows for a wide range of 
photonic applications and devices such as photonic crystals, distributed Bragg reflector 
mirrors, and waveguides [35]–[37].   
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2.2 Bottom-Up Fabrication  
 There are two distinctive approaches used for the fabrication of semiconductor 
structures and devices: top-down and bottom-up.  Typically, a top-down approach is used 
where fabrication begins with a bulk piece of the desired semiconductor.  Structures are 
formed by the selective removal of material using various etching techniques.  Two of the 
most commonly used etching methods are reactive ion etching and wet chemical etching.  
Both of these etching methods result in the removal of unwanted material.  A schematic 
example of a top-down fabrication approach is depicted in Figure 2.6.  A layer of resist is 
evenly spin coated onto the bulk semiconductor.  Lithographic patterning of the resist results 
in a mask for the subsequent etching process.  With the mask made on top of the 
semiconductor, a reactive ion etch is used to form tall pillar structures.  The final step in the 
top-down fabrication of nanopillars shown here is the removal of the remaining mask 
material using an appropriate wet chemical etch.  Top-down fabrication is used in the 
fabrication of numerous other structures including photonic crystals, lasers, and resonators 
[38]–[41]. 
 
Figure 2.6: Schematic representation of top-down fabrication.  A pattern is created in a layer 
of resist and transferred to the underlying material via an etching process.   
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 Bottom-up fabrication, on the other hand, involves controlling the growth of the 
semiconductor material.  The size and shape of the structures formed using this fabrication 
method are determined by the thermodynamics and kinetics of the growth system and 
material.  The bottom-up growth technique will be extensively used throughout this thesis.  A 
schematic of a bottom-up growth fabrication process is shown in Figure 2.7.  An appropriate 
material is chosen as the substrate for the material growth such that, typically, the lattice 
constants and crystal structure of the two materials are similar.  Resist is then evenly spin 
coated onto the clean substrate.  Lithography is used to open up holes in the resist through 
which the semiconductor growth can occur.  Once the fabrication of the mold is complete, 
the semiconductor material is grown from the regions of bare substrate.  Initially, the lateral 
growth of the material is constrained by the mold, however, once the growth reaches the top 
of the mold the material will continue to grow unconstrained.  The growth continues until 
structures of the desired size are produced, at which point the sample is removed from the 
growth solution and the resist is removed from the sample.  The example of the bottom-up 
growth fabrication shown in Figure 2.7 is similar to the method used throughout this work.  
Other variations of bottom-up fabrication of semiconductor structures have also been used 
but they all involve the growth of a material from or through a chosen area [42]–[45].   
 Another example where bottom-up fabrication is used is in the vapor-liquid-solid 
growth of semiconductor nanowires.  This fabrication technique has resulted in nanowires of 
GaAs, ZnO, and many other semiconducting materials [46], [47].  For this technique metal 
nanoparticles are deposited onto the surface of a bulk semiconductor layer.  Through the use 
of chemical vapor deposition and annealing of the sample, growth of the semiconductor 
occurs at the interface of the semiconductor and the metal nanoparticles resulting in 
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nanowires.  Bottom-up growth is a powerful fabrication method for the formation of many 
high quality semiconductor devices.   
 
 
Figure 2.7: Schematic representation of bottom-up fabrication.  A pattern is created in a layer 
of resist and material is grown through the mold.    
 The top-down and bottom-up growth techniques both have advantages and 
disadvantages, and depending on the semiconductor material and the desired device one 
technique may be more appropriate than another.  Top-down fabrication techniques have 
been the most widely used to date.   Therefore, there are often well-developed fabrication 
methods for certain material systems.  This is certainly true for silicon as it is the most 
common semiconductor currently used.  Another advantage of top-down fabrication is that it 
is accurate and precise.  The masks used for etching are often made using lithography tools, 
such as e-beam lithography, and allow for the precise patterning of the resist.  This pattern 
can then be transferred to the semiconductor using etching processes.  Therefore, fine control 
of patterned designs in the mask resist often directly translate to the structures that are made.  
However, there is a major drawback to top-down fabrication.  The use of etching techniques, 
both wet and dry, often results in unwanted damage to the semiconductor material [48]–[51].  
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 Bottom-up fabrication is advantageous as it allows for the formation of structures that 
are difficult to obtain using top-down methods.  For example, using a top-down fabrication 
technique it can often be difficult to create the undercut structures that are desirable for many 
optical devices.  Bottom-up fabrication however, as shown previously in Figure 2.7, allows 
for formation of such structures without elaborate processing methods.  The bottom-up 
fabrication is also advantageous as there is little material waste.  In addition, as will be 
discussed in more detail in later chapters, bottom-up growth can result in structures with 
crystallographically smooth sidewalls and minimal structural defects.  Bottom-up growth 
offers additional flexibility for the integration of other materials within structures.  For 
example, materials could be embedded within the larger structure by halting the growth 
process and depositing additional materials before resuming growth. 
 
2.3 Zinc Oxide Material Properties 
 In this work the semiconductor being investigated is zinc oxide (ZnO).  ZnO is a 
direct, wide bandgap semiconductor, has a large exciton binding energy, and has a large 
thermal conductivity [14], [15]. The bandgap of ZnO can be engineered by alloying the 
material with either MgO or CdO [14], [15], [52].  The refractive index of zinc oxide is 
approximately 2.0 [14], [53].  Many of the material properties of ZnO will be discussed in 
detail throughout this section.  ZnO has many similar properties, such as crystalline structure 
and bandgap, to the more commonly used semiconductor gallium nitride (GaN).  The 
bandgap of ZnO is 3.37eV while that for GaN is 3.4eV [19], [54], [55].  Over the past several 
decades GaN has been increasingly used in optoelectronic devices due to its emission in the 
UV-blue region, and in 2014 the Nobel Prize was awarded to Isamu Akasaki, Hiroshi 
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Amano, and Shuji Nakamura for their development of efficient blue light emitting diodes 
[56], [57].  LEDs, lasers, and other optical devices used in many applications such as 
displays, flashlights, and traffic lights have been made using GaN [58].   
 Interest in using ZnO for optoelectronic applications has also increased over the past 
decade as it has several advantages over GaN.  GaN can be difficult to grow without the 
inclusion of threading dislocations and other defects due to the large lattice mismatch 
between it and the sapphire substrate it is often grown on [17], [59].  Large area single 
crystalline substrates of ZnO, on the other hand, can easily be fabricated and have lead to a 
surge in ZnO optical devices such as LEDs, lasers, sensors, and photodetectors [15], [16].  In 
addition, there are a variety of growth techniques, which will be discussed in the following 
section, for ZnO that allow for a wide array of structures and devices to be fabricated.  For 
optical devices one of the key advantages of ZnO over GaN is the large exciton binding 
energy of ~60meV compared to ~26meV for GaN [18], [19].  The mean electron energy at 
room temperature is about 25meV.  Therefore, excitons in ZnO are stable at room 
temperature, while those in GaN are easily dissociated.   In addition, the larger exciton 
binding energy for ZnO allows for room temperature UV lasing in ZnO devices, which is not 
possible in similar devices made with GaN.   
 Zinc oxide can have three different crystalline structures shown in Figure 2.8: 
hexagonal wurtzite, zinc blende, and rocksalt [14], [60], [61].  The hexagonal wurtzite 
crystalline structure is the most common as it is thermodynamically stable in ambient 
conditions.  The zinc blende crystalline structure is possible with growth on cubic substrates, 
while high pressures are need for ZnO to have a cubic rocksalt structure.   
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Figure 2.8: Three crystalline structures of ZnO from [14].  Reprinted with permission from 
U. Özgür, Y. I. Alivov, C. Liu, A. Teke, M. A. Reshchikov, S. Doğan, V. Avrutin, S.-J. Cho, 
and H. Morkoç, “A comprehensive review of ZnO materials and devices,” J. Appl. Phys., 
vol. 98, no. 4, p. 041301, 2005. Copyright 2005, AIP Publishing LLC. 
 The hexagonal wurtzite structure for ZnO is shown in Figure 2.9 [62].  The crystal is 
made up of two interpenetrating close-packed hexagonal lattices with a stacking sequence 
along the vertical [0001] axis of AaBbAaBbAaBb where the capital letters refer to zinc 
atoms and the lower case letters to oxygen atoms.  The crystalline structure has a hexagonal 
unit cell with lattice constants a=0.325nm and c=0.52nm. The space group for ZnO in the 
Schoenflies notation is C6v4  and P63mc in the Hermann-Mauguin notation [25], [63].  Each of 
the zinc atoms in the crystalline lattice is surrounded by four oxygen atoms, which form the 
corners of a tetrahedron.  In addition, four zinc atoms in the same configuration surround 
each oxygen atom in the lattice.  In many ZnO crystals, there is a slight distortion and 
variation in the c/a value.  
 20 
 
Figure 2.9: Hexagonal wurtzite structure of ZnO.  Reproduced from Ref [62] with permission 
of The Royal Society of Chemistry.   
 There are several prominent and important crystalline planes of ZnO in the wurtzite 
structure as shown in Figure 2.10.  The basal planes are the (0001) and the (0001) planes.  
The (0001) plane is made entirely of zinc atoms while the (0001) plane consists only of 
oxygen atoms.  As there is no inversion point in the crystal structure a polarity in ZnO exists.  
The non-zero dipole moment is the result of a positively charged Zn-(0001) surface and a 
negatively charged O-(0001) surface and leads to the piezoelectric properties in ZnO.  The 
basal plane of most interest is the (0001) plane and is referred to as the c-plane in the crystal, 
shown in Figure 2.10(a).  Several groups have investigated which basal plane is most seen in 
crystal growth using etching techniques [64], [65].  Since the (0001) and the (0001) planes 
etch at different rates, researchers were able to determine that vertical growth occurs in the 
(0001) direction.  Prism planes in ZnO are the (1010) and (1120) planes.  The m-planes, 
which produce the hexagonal shapes in the structures, are the (1010) planes and are shown in 
Figure 2.10(b).  The a-planes are the (1120) prism planes, as shown in Figure 2.10(c) and 
also create hexagonal structures rotated 30° from those defined by m-planes. The final planes 
of interest in ZnO are the pyramidal (1102) r-planes shown in Figure 2.10(d).   
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Figure 2.10: Crystalline planes in ZnO.   
 The surface energies of the c-plane, m-planes, and a-planes are important to 
understand as they determine the sizes and shapes of ZnO structures.  The (0001) basal plane 
has been found to have the largest surface energy, and therefore the fastest growth rate occurs 
in the (0001) direction [25].  This fast growth rate in the vertical direction leads to the tall 
structures, which will be seen throughout this thesis.  The (1010) m-planes have the second 
highest surface energy and cause the ZnO to grow out laterally from a point [66].  Finally, 
the (1120) a-planes have the lowest surface energy out of the three planes mentioned here, 
and therefore growth in this direction is the slowest [66].  Using the ZnO aqueous growth 
technique described in the next section, these crystalline planes will be apparent in the ZnO 
structures fabricated and discussed throughout this work.   
 In addition to crystalline properties of bulk materials it is often important to consider 
the crystalline properties of interfaces between different materials.  The configuration of 
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atoms at the surface of a material is often different than that in the bulk.  This is because the 
atoms at the surface have dangling bonds and rearrange themselves to minimize their surface 
energies.  The abrupt change in lattice constant at the boundary between two materials causes 
a rearrangement of the atoms at the interface.  The relationship between the crystalline 
structures on each side of the boundary is used to classify the interface.  If there is a well 
defined relationship between the crystalline structures of the two materials where they join 
the interface is considered epitaxial.  This is in contrast to the case where there is a random 
relationship that varies over the interface.  Epitaxial interfaces are often desirable for 
optoelectronic devices because they can lead to superior electrical and optical properties.  It 
has been shown that ZnO can be epitaxially grown on several substrates including GaN, 
spinel, and silicon carbide [52], [65], [67].  The epitaxial growth of ZnO on single crystalline 
gold will be presented in Chapter 6.   
 
2.4 Aqueous Growth 
 ZnO has been grown and deposited using many different methods including 
sputtering [68], molecular-beam epitaxy [69], chemical vapor deposition [70], and pulsed 
laser deposition [52].  In addition, several methods such as electrodeposition [71], chemical 
bath deposition [72], and hydrothermal growth [73] have also been used.  Many of these 
techniques require high temperatures, which is not always ideal for device fabrication.   
 The ZnO grown in this thesis was done using a low temperature (90°C) aqueous 
growth technique developed by Lange et al. [74], [75].  This technique is advantageous as it 
avoids high temperature processing and is often more cost effective.  The growth solution 
consists of zinc nitrate, ammonium hydroxide, and water.  The spinel (MgAl2O4) substrates 
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used throughout this work were chosen because of the small lattice mismatch (as low as 
~1.3%) between ZnO and MgAl2O4, as well as the ability to epitaxially grow ZnO on spinel 
[65].  ZnO grown on MgAl2O4 using plasma assisted molecular beam epitaxy was found to 
have a 13.6% lattice mismatch [76].  More recently, it has been determined that there is a 30° 
rotation, with respect to the perpendicular of the substrate surface, between the close-packed 
directions in the ZnO and spinel when ZnO is grown hydrothermally.  The effect of this 
rotation is that, at the interface between the ZnO and spinel, tetrahedral sites are available for 
zinc atoms to attach to.  With the zinc atoms attached to the spinel, growth can begin [65].   
 The first step in the aqueous growth process of ZnO is a nucleation step.  A seed layer 
can be formed on the substrate in a variety of ways including by vapor deposition, a rapid 
change in the pH of a zinc nitrate and ammonium nitrate solution [77], the thermal 
decomposition of a zinc-organic precursor in solution [78], or solution deposition of 
prefabricated ZnO nanoparticles [79].  Here the seed layer is formed during an aqueous 
nucleation process.  Zinc nitrate, ammonium hydroxide, and water are placed in a Teflon 
container with the spinel substrate.  The substrate is suspended upside down in the solution 
using a custom made Teflon holder.  In contrast to chemical bath techniques, the Teflon 
container is tightly closed which allows for an increase in the pressure in the container during 
nucleation.  The Teflon container is placed in a microwave oven for 25 seconds, which 
quickly raises the temperature of the solution.  Richardson and Lange have studied the 
thermodynamics of the aqueous growth of ZnO and found a surprising retrograde solubility 
[74].  As the temperature of the solution increases, the solubility of the zinc species in the 
solution decreases.  The rapid change in temperature of the solution causes a supersaturation 
to occur leading to ZnO nucleation on the spinel substrate.  As the change in the solubility of 
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the zinc oxide occurs quickly and many ZnO nuclei form, the amount of ZnO growth is 
limited during this step.  Individual, densely packed ZnO nuclei are epitaxially formed on the 
substrate.  As the polar, basal c-planes have the highest surface energies, ZnO growth will 
result in tall nuclei with the same orientation.  These nuclei all have a similar height because 
they are all created simultaneously and subjected to the same growth duration.   
 The second step of the aqueous growth process involves a similar solution of zinc 
nitrate, ammonium hydroxide, sodium citrate, and water.  The nucleated sample is put 
upside-down in the growth solution in a closed Teflon container.  The container is then 
placed in a 90°C oven for several hours.  As the growth solution warms, a supersaturation 
occurs due the retrograde solubility of ZnO as discussed by Richardson and Lange in [74].  
In contrast to the nucleation step, the slow increase in temperature allows for ZnO growth to 
occur and for the solution to remain near equilibrium.  There are several variables, including 
temperature, growth time, pH, concentration of the zinc salt in solution, and choice of ligand, 
that can change the growth of ZnO.  How these different variables can change the aqueous 
growth has been studied by several groups [74], [80].  The ability to change various factors in 
the growth solution leads to the creation of a variety of different ZnO topologies including 
micro-islands, nanowires, platelets, and smooth continuous films [74], [77], [81].  In 
addition, the kind of growth and the surface morphology of the resulting ZnO structures can 
be controlled by varying the growth conditions.  In this work, many of the variables, such as 
temperature, pH, ligand, and substrate, are kept fixed.  In Chapter 4, a study is done into the 
growth rates of the ZnO in different directions with various concentrations of zinc salts in the 
growth solution.  In addition, the growth time is chosen for many of the structures presented 
such that the optimal shape is produced.  Typically, the growth solution is depleted of 
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nutrients after about 4 hours of growth however, the growth solution can be refreshed and 
ZnO growth will continue as before.  
 A detailed description of the growth chemistry can be found in [80] however, a 
summary of the solution chemistry is included here.  In the aqueous solution, the zinc cations 
(Zn2+) are solvated by water to form [Zn(OH2)n]2+.  The nearby water molecules are 
deprotonated due to polarized Zn-OH2 bonds.  In dilute solutions, a range of monomeric 
species can exist denoted as [Zn(OH2)n-p(OH)p](2-p)+.  Particulates of ZnO can condense out of 
the solution in a two step process.  The first step is known as olation and is described by  Zn!OH#+#Zn!OH2!→"Zn!OH!Zn#+#H2O (2.1) 
which enables Zn2! OH 2!→"Zn!O!Zn#+#H2O. (2.2) 
As zinc hydroxide is amphoteric, the solubility of ZnO is dependent on the pH of the 
solution.  Often hexamine (sometimes referred to as hexamethylenetetramine (HMT)) is used 
as a pH buffer.  The slow decomposition of hexamine into formaldehyde and ammonia leads 
to a gradual increase in the pH of the solution.  This in turn causes the solubility of ZnO to 
gradually reduce with time resulting in the forced hydrolysis of Zn aqua-ions and the 
precipitation of ZnO.  It is the effect of the ammonia as a ligand for the Zn ions that leads to 
the retrograde solubility which is crucial for the nucleation and growth technique discussed 
above [74].  
 To more easily form thin films of zinc oxide, sodium citrate was added to the growth 
solution.  Sodium citrate preferentially binds to the (0001) surface of ZnO and reduces the 
number of sites where growth can occur on this plane [82], [83].  This in turn allows for the 
manipulation of the aspect ratio of resulting structures by inhibiting the vertical growth of the 
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material and allowing for additional lateral growth.  At low sodium citrate concentrations the 
height to width ratio of the structures decreases.  With high concentrations of sodium citrate 
it has been shown that ZnO platelets form.  Therefore, careful control of the amount of 
sodium citrate can allow for the creation of various structures.  In addition, it has been shown 
that adding ethylenediamine during the growth decreases the growth rates of the (1010) m-
planes due to the adsorption of ethylenediamine onto those surfaces [82].  The addition of 
sodium citrate into the growth solution allows for the coalescence of the nuclei formed 
during the nucleation step into a thin film of ZnO.  Most of the structures grown and 
presented in this thesis are grown with sodium citrate in the solution leading to structures 
with flat tops.  When the sodium citrate is removed, as is the case for the photonic crystals 
presented in Chapter 5, tapered rod structures form.  
 In order to form many of the structures and devices in subsequent chapters, a base 
layer of ZnO is first grown on the substrate using the nucleation and growth method 
described above.  Photolithography and electron beam lithography are then used to pattern a 
mold on top of the base layer.  This mold restricts the regions where subsequent ZnO growth 
can occur.  During additional growth steps, the lateral ZnO growth is constrained until the 
ZnO reaches the top of the mold where it then grows unconstrained.  Constraining the growth 
via a mold, made of a layer of patterned resist, allows for custom shapes to be created and the 
ability to selectively grow semiconductor structures, which is important for their integration 
into devices.   
 The aqueous, bottom-up growth of ZnO is advantageous over other techniques as it 
epitaxially forms a single crystalline layer of ZnO at a low temperature with little waste of 
material.  In addition, structures grown with this aqueous technique have crystallographically 
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smooth, vertical sidewalls, which is often difficult to achieve with traditional fabrication 
methods. Such sidewalls are highly desirable for a wide range of optical and photonic 
applications where surface roughness and non-vertical sidewalls can significantly degrade the 
performance of devices.  Therefore, bottom-up aqueous growth has significant potential for 
drastically improving the next generation of integrated optoelectronic devices.    
 
2.5 Defects and Doping in ZnO 
 Defects in ZnO can profoundly alter the electrical and optical properties of the 
material.  As with other semiconductor materials, one common use of defects in ZnO is for 
creating doping.  The first part of this section will discuss common defects found in ZnO and 
the second part will describe some common impurities used for doping.  
2.5.1 Defects 
 When defects are present in a material additional trapped states within the bandgap 
are created.  If a photon is incident on a material with defect states inside the bandgap the 
optical transitions that occur will be different than those in a material with no defects.  In 
addition, the trapped states can change the electron mobility within the material.  Some 
common types of defects in crystalline materials are vacancies, interstitials, and anti-site 
defects.  Vacancies are the absence of certain atoms from their usual positions in the 
crystalline lattice.  They are denoted Vx where V means it is a vacancy and x is the type of 
atom missing.  Interstitials are the inclusion of atoms into the lattice where there typically 
would not be an atom.  An interstitial defect is written as Yi where Y is the additional atom in 
the lattice and i indicates it is an interstitial.  Finally, anti-site defects are where one atom 
(atom A) in the lattice replaces another (atom B).  The way to indicate an anti-site defect 
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where atom A is in atom B’s usual position is AB.  These three types of defects are found in 
many types of crystalline structures.   
 Zinc oxide is a semiconductor material that is intrinsically grown with defects.  It is 
typically a n-type semiconductor as grown due to included defects.  Several defects are 
native to zinc oxide including: oxygen vacancies (Vo), zinc vacancies (VZn), oxygen 
interstitials (Oi), zinc interstitials (Zni), oxygen anti-sites (OZn), and zinc anti-sites (ZnO) [15], 
[84]–[86].  One common way to study defects in ZnO is using photoluminescence 
spectroscopy where light of a certain wavelength is incident on the sample and the 
luminescence from the ZnO is analyzed.  Three common bands in the visible range of the 
photoluminescence of ZnO have been studied: green, yellow, and red [14], [87].  The exact 
origin of these emission peaks is subject to ongoing research.  In particular, there have been a 
lot of different reports about the origin of the green emission from ZnO including from zinc 
interstitials [88], oxygen vacancies [89]–[92], ZnO anti-sites [93], and extrinsic impurities 
[94], [95].  However, the present consensus is that the green emission is due to zinc 
vacancies [85]; the yellow emission is due to oxygen interstitials or lithium dopants [96], 
[97]; and the red emission is due to zinc interstitials [98].   
 As grown zinc oxide is found to be a n-type semiconductor.  For decades research has 
been performed to determine the exact defect causing the material to be n-type.  In the 1950’s 
it was found that hydrogen acts as a shallow donor in ZnO [99], [100].  While it had been 
reported that hydrogen is a likely cause of the n-type properties, it was widely believed for 
the next several decades that the n-type properties were caused by intrinsic oxygen vacancies 
and zinc interstitials that were acting as shallow donors [101].  In 1999, Look et al. did high 
energy electron irradiation on ZnO samples and reported that the main shallow donors in 
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ZnO are zinc interstitials or zinc interstitial related complexes [101].  This however, turned 
out to not be the case after several groups performed first principles investigations.  Kohan et 
al. found, using a first principles pseudopotential approach, that native defects in ZnO are not 
present in high concentrations as shallow donors.  Shortly thereafter, Van de Walle et al. 
reported a first-principles density functional theory investigation where it was determined 
that the incorporation of hydrogen is likely the cause of the n-type conductivity in ZnO [86], 
[102].  This was experimentally confirmed in 2002 when electron paramagnetic resonance 
(EPR) and electron nuclear double resonance (ENDOR) spectroscopy were performed on 
ZnO samples [103].  It is interesting to note the unusual behavior of hydrogen in ZnO.  In 
most semiconductors hydrogen can either donate an electron or accept an electron [104].  In 
ZnO however, hydrogen has a low ionization energy and only acts as a donor by tightly 
binding to oxygen in the crystalline lattice forming OH bonds [85], [86], [105], [106].  
Hydrogen is also very mobile and large amounts can easily be incorporated into materials 
[14].  As hydrogen is always present, it is not surprising that ZnO grown by many different 
techniques is found to have n-type conductivity.  In terms of the aqueous growth method 
described in the previous chapter, it has been shown that large amounts of hydrogen are 
incorporated into the ZnO [107], [108].  This incorporated hydrogen is due to residual water 
in the sample or Zn(OH)2. 
2.5.2 Doping 
 Doping is the intentional inclusion of impurities within the crystalline structure in 
order to change the concentration of available free carriers.  Unlike the intrinsic defects 
described in the previous section, doping is useful as a way to manipulate the local electrical 
properties of the material in order to fabricate devices, such as pn junctions.  As mentioned 
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ZnO as grown is a n-type semiconductor, and while many reports of n-type doping exist, p-
type doping has proven to be difficult.  N-type doping in ZnO has been shown with several 
different Group III elements of the periodic table, such as Al, Ga, and In.  These elements are 
used for n-type doping in ZnO because they contain an additional electron in their outer 
shells compared to Zn.  Therefore, when Al [109], [110], Ga [111], [112], or In [113] replace 
Zn in the crystalline structure additional electrons are present, which in many cases causes 
degenerate doping.  Group VII elements of the periodic table, such as Cl [114] and I [115], 
that replace oxygen atoms in the lattice can also cause n-type doping in ZnO.  N-type doping 
has been shown to cause a large increase in the conductivity of ZnO.  ZnO doped with Al for 
example has been used as a replacement for ITO in several devices [116].  P-type doping in 
ZnO, on the other hand, has proven to be very difficult.  The difficulty of p-type doping is 
thought to be due to a number of things including the inherent n-type doping and large 
acceptor activation energies.  There have been reports of p-type doping in ZnO using N 
[117], As [118]–[120], P [121], Sb [122], and Li [123] elements however, reproduction and 
interpretation of the results has proven difficult.   
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Chapter 3  
 
Optical Properties of Aqueously 
Grown ZnO 
 
 
3.1 Introduction and Motivation 
 Although optical properties of zinc oxide have been studied extensively over the past 
few decades, understanding the specific properties of low temperature, aqueously grown 
material is important as we look to incorporate it into high quality devices.  As mentioned in 
Chapter 2, ZnO is a direct, wide bandgap semiconductor that can show luminescence in 
several energy ranges based on the quality of the material and the types of defects present.  In 
addition, ZnO has a high exciton binding energy (~60meV), which is much larger than the 
mean electron energy at room temperature (~25meV).  This large exciton binding energy 
enables emission from the exciton states at room temperature; a major advantage for UV 
optical applications.  The growth method for our ZnO is water-based which can lead to 
several types of defects in the material due to residual water and OH- that are trapped in the 
material.  Therefore, several optical experiments were performed to investigate the material 
quality.  
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 In this chapter, the band edge and green defect band luminescence of both aqueously 
grown single crystalline material and commercially purchased single crystal ZnO from MTI 
are investigated.  The commercial sample is used as a baseline to which the aqueously grown 
material is compared. Previous studies have measured the photoluminescence from both bulk 
and nanostructures of ZnO [98], [124]–[126].  While there has been debate in the research 
community about the exact sources of different luminescent transitions, it is widely agreed 
that the bandgap of ZnO is approximately 3.3eV and that there is a green defect band 
centered between 2.4eV and 2.5eV [15], [127], [128]. 
 Photoluminescence has been conducted at room temperature on many ZnO samples, 
although very little has been reported about measurements made on aqueously grown 
material [77], [129].  One group has focused on using self-assembled monolayer templates 
and growing ZnO at low temperatures using an electroless deposition method [108].  While 
the fabrication process involves aqueous growth, the ZnO produced is not smooth nor single 
crystalline.  Several low temperature photoluminescence measurements have determined the 
main excitonic lines present in ZnO [19], [130]–[133].  A few more recent reports have also 
investigated luminescence from ZnO at elevated temperatures up to 1350°C [134]–[136].  A 
more in depth investigation into the material properties is possible by heating the ZnO.  An 
increase in temperature results in a greater probability of donor impurities being ionized and 
may lead to the out-diffusion or removal of impurities.  In the case of aqueous growth, where 
water is involved in the growth process, heating the ZnO during photoluminescence 
measurements allows for the observation of the effects of the included water and at what 
temperatures they are most prevalent.  The photoluminescence of the as-grown ZnO shows 
the presence of additional energy levels that are most likely associated with the aqueous 
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growth method of the material.  Thermal treatment of the aqueously grown ZnO however, 
removes the majority of those states.  A comparison of the photoluminescence of the 
annealed sample and the commercial ZnO prove that high quality single crystalline ZnO can 
be grown using a low temperature aqueous growth method.  Understanding the optical 
properties of the ZnO will allow for the ability to optimally design optoelectronic devices 
using low temperature, aqueously grown ZnO.   
3.2 Experimental Setup 
 All photoluminescence measurements were taken on a LabRAM ARAMIS integrated 
confocal microRaman system.  The confocal microscope is coupled to a 460-mm focal length 
spectrograph including four (600, 1200, 1800, and 2400 lines/mm) gratings as shown in 
Figure 3.1. 
 
Figure 3.1: Experimental setup of LabRAM ARAMIS integrated confocal microRaman 
system with 325nm He-Cd laser and sample heating stage. 
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A white light source and camera are used for visualization of the sample. The system consists 
of several lasers including a 325nm He-Cd laser used in this work.  The incoming laser is 
directed to the microscope through changeable neutral density filters that attenuate the laser 
(D0, D0.3, D0.6, D1, D2, D3, and D4) where D0 is no filter in the path.  Attenuations 
produced by the neutral density filters are shown in Table 3.1.   
Neutral Density Filter Power 
D0 P0 
D0.3 P0/2 
D0.6 P0/4 
D1 P0/10 
D2 P0/100 
D3 P0/1000 
D4 P0/10000 
Table 3.1: Power attenuation of neutral density filters in LabRAM ARAMIS system. 
In the majority of the experiments performed in this chapter a 10x objective (purchased from 
OFR) producing a spot size of ~10µm in diameter was used.  The power measured after the 
objective, P0, was found to be 2.8mW.  In the remaining experiments a 100x UV objective 
was used. Light is collected back through the selected objective and is dispersed by a grating 
onto a CCD multichannel detector.  Appropriate exposure time, iterations collected, and 
neutral density filters were used and determined for each experiment as to not saturate the 
CCD detector during the photoluminescence experiments.   
 All heating measurements were done in a remotely controlled Linkam Scientific TS 
1500 hot-stage, which had a thermocouple in it to measure the temperature.  In this work, set 
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temperatures ranged from room temperature to 700°C.  Before high temperature 
photoluminescence measurements were taken the hot-stage was set to stay at the desired 
temperature for at least 5 minutes, during which time the temperature stabilized.  For all 
heating measurements the 10x long working distance objective was used so there would be 
room for the hot-stage in the microscope setup.   
 
3.3 Details About Fits to the Photoluminescence Data 
 Throughout this chapter the band edge peaks in the photoluminescence spectra are fit 
using Voigt functions.  Ideal band edge emission would result in a Lorenzian lineshape, 
however broadening mechanisms lead to the inclusion of a Gaussian component 
necessitating a Voigt fitting function.  As will be seen throughout this chapter, it is believed 
that the asymmetric band edge peak measured for the aqueous ZnO samples is actually two 
overlapping transition distributions each with their own mean energy.  To accurately extract 
the emission from these two transitions we use the fitting function:  
Intensity= a 0.9*gauss
x-p
w
+0.1*loren
x-p
w
+d 0.7*gauss
x-p+c
b
+0.3*loren
x-p+c
b
 
where a is the amplitude of the first peak, p is the mean energy of the first peak, w is the 
width of the first peak, d is the amplitude of the second peak, b is the width of the second 
peak, and c is the splitting in energy between the means of the two peaks.  In an attempt to 
extract the mean energy of each distribution, the fit is constrained by fixing the ratio of the 
Gaussian component to the Lorenzian component for each Voigt function.  This ratio was 
chosen as it fit the data the best over a wide range of temperatures. 
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3.4 Sample Preparation  
 Single crystalline MgAl2O4 (spinel) substrates purchased from MTI were used as the 
substrate for ZnO nucleation and growth.  These substrates were chosen due to the similar 
crystalline structure of the ZnO and spinel and the ability for epitaxial growth of ZnO [65].  
Figure 3.2 shows the crystal structure of the spinel, the ZnO at the interface, and the overall 
ZnO structure.  It has been reported by Lange et al. that a 30° rotation of the close packed 
oxygen directions of the two materials occurs when ZnO is grown on spinel.  Without the 
rotation of the material the lattice mismatch between ZnO and spinel would be 13.6%.  With 
the 30° rotation however, the lattice mismatch becomes -1.6% [65].  The negative sign 
indicates that the ZnO is under tensile stress and that the atoms in the ZnO are spaced further 
apart than they would be in a standalone crystal of material.   
 Substrates were cleaned with aqua regia and piranha (3:1 mixture of sulfuric acid and 
hydrogen peroxide) before being annealed in an 800°C furnace for 6 hours to ensure the 
removal of any remaining organic material.  A nucleated epitaxial layer of ZnO was achieved 
by suspending the substrate in a solution of 0.2g of zinc nitrate hexahydrate, 1.25mL of 15M 
ammonium hydroxide, and 24mL of deionized water.  The sample was then heated in the 
microwave for 25 seconds which caused a fast increase in the temperature, up to 
approximately 100°C, and a supersaturation of the solution [74].  Small, tapered ZnO pillars 
on the order of 100nm in diameter and 100nm-200nm tall grew on the spinel as seen in 
Figure 3.3.   
 Growth of single crystalline ZnO into smooth, continuous films was achieved using a 
solution of 0.2g of zinc nitrate hexahydrate, 0.05 g of sodium citrate tribasic dehydrate, 
1.25mL of 15M ammonium hydroxide, and 24mL of deionized water [65], [137], [138].  The 
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sample was suspended upside-down in the solution using a Teflon holder, to avoid unwanted 
precipitates landing on the growth surface of the ZnO, and placed in a 90°C oven for 18 
hours.  Following growth, the sample was removed from the solution, rinsed with deionized 
water, and dried with air.    
 
Figure 3.2: (a) Overview of the mixed cation layer of the spinel structure along the [1 1 1]. 
Darker polyhedrons represent Mg T+ (pointing out of the page) and Mg T- tetrahedrons (face 
triangles, pointing into the page). Lighter polyhedrons are the Al octahedrons, lying on their 
side. (b) Interfacial layer with two tetrahedral sites, represented as dark and light 
tetrahedrons, and two-fold proton sites, represented by light dots. (c) ZnO layer, represented 
as tetrahedrons, on top of the spinel and interfacial layers. Note that the ZnO has been scaled 
to a zero lattice mismatch for this illustration. Reprinted from [65], Copyright 2003, with 
permission from Elsevier. 
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Figure 3.3: SEM images from the top-down of nucleated ZnO on spinel substrate achieved 
by microwave nucleation.  Left image shows densely nucleated ZnO pillars.  Right image 
shows details of individual tapered pillars.   
   
3.5 Photoluminescence of Aqueously Grown ZnO 
 A thin film of ZnO on spinel grown as explained in Section 3.4 was illuminated with 
a 325nm laser using the LabRAM ARAMIS confocal system.  The photoluminescence of the 
aqueously grown ZnO layer measured at room temperature is shown in Figure 3.4.   
 
Figure 3.4: Photoluminescence spectra of aqueously grown thin film of ZnO measured at 
room temperature.   
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As expected a band edge peak and a green defect peak are observed.  The green defect peak 
has a very low intensity compared to many of the ZnO samples measured in the literature; 
however, the intensity of this defect peak can vary based on the growth method [139]–[142].  
The peak due to the bandgap transition, however, is located at a slightly higher energy than is 
usually reported in the literature [128].  One group that grew zinc oxide using an aqueous 
method also reported a slightly shifted UV peak which was attributed to effects of the water 
[108].  Upon fitting the band edge peak as explained in Section 3.3, it was realized that what 
was originally thought to be the band edge of the aqueously grown ZnO is in fact two 
overlapping peaks.  It is believed that the higher energy transition is the bandgap and that the 
other transition is caused by defects due to the aqueous growth method of the zinc oxide. The 
fit is shown in Figure 3.5 where the black curve is the overall fit on top of the original 
spectra, the red curve is the higher energy peak with a mean energy of 3.39eV, and the green 
curve is the lower energy peak with a mean energy of 3.27eV. 
 
Figure 3.5: Photoluminescence spectra of aqueously grown ZnO at room temperature 
including Voigt fitting function. 
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 To further optically investigate the aqueously grown ZnO, the sample was heated and 
subsequent photoluminescence measurements were made as shown in Figure 3.6.  While 
many factors can cause shifts in both the bandgap transition and defect peaks measured using 
photoluminescence, varying the temperature often causes a dramatic change.  A shift of the 
UV peak to lower energies with temperature is observed in the ZnO sample.  As the 
temperature is increased, the vibration of the atoms in the material also increases leading to 
the expansion of the crystalline lattice.  This expansion changes the length scale of the 
periodic potential and decreases the potential seen by the electrons in the material, thus 
leading to a smaller bandgap.  The defect peak is also observed to shift with temperature due 
to the change in the energy between the defect level and the valance band.   
 
Figure 3.6: Photoluminescence spectra of aqueously grown ZnO at increasing temperatures. 
 By fitting the spectra taken at each temperature the two peak energies could be 
extracted.  Both of the peak energies decreased with temperature as expected as shown in 
Figure 3.7(a); however, a jump in the peak energy of approximately 0.1eV is observed 
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between the 200°C and 220°C measurements.  This abrupt 0.1eV jump in the peak energy 
suggests a dramatic phase change in the ZnO material.  Indeed, a cracking of the ZnO film on 
the spinel is observed to occur between the 200°C and 220°C measurements.  Additional 
samples of ZnO grown on spinel were also found to crack around the same temperature.  
Photoluminescence measurements made above 220°C were done on a flake of ZnO which 
had delaminated from the spinel substrate.  It is believed that the initially grown ZnO was 
strained, and therefore as heating progressed the strain due to the ZnO growth and the 
difference in the thermal expansion coefficients of the materials caused the ZnO to crack.  
The thermal expansion coefficients of ZnO are Δa/a = 4.7 x 10-6 K-1 and Δc/c = 2.9 x 10-6 K-1 
[143] while that of MgAl2O4 is 5.9 x 10-6 K-1 [144].  
 
Figure 3.7: Fitting of photoluminescence spectra using Voigt fitting.  (a) Peak energies 
versus temperature for initial heating of ZnO grown on spinel.  (b) Energy splitting between 
the two peaks.   
 The splitting between the two fitting peaks was extracted and plotted versus 
temperature in Figure 3.7(b).  At low temperatures, up to 200°C, the splitting stays constant 
at about 0.11eV.  At higher temperatures however, a splitting of approximately 0.16eV is 
found.  These values for the splitting between the two fitted peaks are consistent with Ozawa 
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et al.’s angle-resolved photoelectron spectroscopy measurements of the binding energy of the 
H-induced state [145].  As a H-induced state could be caused by the aqueous growth of the 
ZnO, it is plausible that one of our fitted peaks is indeed a shallow defect in the material.  
Further investigation is needed to confirm the exact type of defect in our ZnO. 
 Photoluminescence measurements made at room temperature after heating the 
aqueously grown ZnO sample to various high temperatures are shown in Figure 3.8(a).  The 
measurements taken on samples heated above 200°C were done on flakes of ZnO as the 
initially grown film cracked.  Samples were heated and then allowed to cool to room 
temperature before optical data was taken.  For example, the After 100°C data was obtained 
by heating the ZnO sample from room temperature to 100°C, letting the sample sit at 100°C 
for several minutes, and then allowing the sample to cool back down to room temperature at 
which point photoluminescence data was taken.  The room temperature and After 100°C 
heating curves are very similar; however, a significant change is evident in samples heated to 
higher temperatures.  A ZnO sample heated to high temperatures (300°C to 700°C) not only 
clearly shows a UV peak made up of two separate peaks but also a measured UV peak at a 
lower energy than the room temperature (RT) and After 100°C measurements.   
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Figure 3.8: Photoluminescence of aqueously grown ZnO film taken at room temperature after 
being heated. (a) Individual spectra after each heating measurement of the ZnO. (b) Peak 
positions from fitting of each PL spectra. 
 The fitting of Voigt functions to the data shown in Figure 3.8(a) is plotted in Figure 
3.8(b).  A dramatic drop in the peak energies after the ZnO has been heated to temperatures 
above 200°C and then measured at room temperature is observed.  This effect is irreversible 
and as it occurs with the cracking of the ZnO film it is likely to be caused by a change in the 
strain of the ZnO.  The flakes of ZnO are likely to have much less strain than the initially 
grown film and possibly a better quality.  In many strained materials there is an observed 
change in the bandgap.  It is possible that the initial strain in the ZnO causes the bandgap to 
increase slightly as is observed in the fitted photoluminescence data.  Once the strain is 
released due to cracking, the bandgap decreases as observed in Figure 3.8.   
 It is almost certain that there are defects in the ZnO material due to the aqueous 
growth method however; these defects would appear in the PL measurements below the 
bandgap of the material.  The characteristic energy for defects is the energy from the 
defect/impurity state to either the conduction or the valance band.  It is therefore likely that 
the lower energy peak is due to defects in the ZnO material.  While the exact defects are 
 44 
currently unknown it is believed that they are due to the aqueous growth method, as they 
have not been observed in optical studies of ZnO grown using other techniques.  
 Comparing the room temperature photoluminescence measurement of the ZnO before 
and after being heated to 700°C shows a large change as can be seen in Figure 3.9.  This 
irreversible shift in the UV peak indicates a significant change in the material that is 
important to understand when designing optoelectronic devices.  To further study the quality 
of the ZnO after being heated additional optical measurements were done on the flakes of 
ZnO.   
 
Figure 3.9: Comparison of PL of aqueously grown ZnO before and after being heated.  All 
measurements taken at room temperature. 
 
 
 45 
3.6 Photoluminescence of Aqueously Grown ZnO After Exposure to High 
Temperatures 
 With the knowledge that aqueously grown ZnO shows very different 
photoluminescence before and after being heated, further investigations into the effect of 
heating on ZnO were performed.  A previously annealed ZnO sample was placed in the 
heating stage and the temperature slowly ramped up to 400°C.  A measurement was taken 
every 20°C and the temperature was ramped by 10°C/min.  The temperature was held 
constant for 5 minutes before each measurement was made.  The spectra were again fit with 
the Voigt function in Section 3.3.  Figure 3.10 shows the positions of the two fitting peaks 
versus temperature.  For both peaks a linear relationship is observed with a slope of 5.2 x 10-4 
eV/°C and 8.5 x 10-4 eV/°C.  The splitting between the two peaks is plotted in Figure 3.11 
and also shows a linear increase. In the measurements, the mean energy of the defect peak 
(lower energy peak) shifts more with temperature than the mean energy of bandgap transition 
(higher energy peak).   
 
Figure 3.10: Peak position versus temperature determined using Voigt function for 
previously heated aqueously grown ZnO. 
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Figure 3.11: Splitting between two fitted peaks of aqueously grown ZnO after being exposed 
to high temperatures.  
 Repeating the annealing of the aqueously grown material additional times shows none 
of the effects seen during the initial heating of the sample.  The optical measurements of the 
heated sample align very well with expected results.  Therefore, we conclude that the initial 
heating of the ZnO causes an immediate and irreversible change in the material that is not 
noticed upon subsequent heating.  The strain in the initially grown ZnO and difference in the 
thermal expansion coefficients of the ZnO and MgAl2O4 cause the ZnO to crack during the 
first heating cycle above 200°C.  Subsequent optical measurements were made on the 
delaminated flakes of ZnO and no additional cracking of the ZnO was observed, which led to 
the expected linear trends in the optical data shown in Figure 3.10 and Figure 3.11.  The 
fitted peak with the lower energy is associated with defects in the ZnO and is observed 
throughout the heating of the previously annealed sample. 
 The change in the strain of the ZnO can be calculated from the photoluminescence 
measurements.  The difference in the higher energy peak of the as grown ZnO and the 
annealed ZnO is found to be 0.096eV.  Using the slope (5.215 x 10-4 eV/°C) from the energy 
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versus temperature plot in Figure 3.10 for the annealed ZnO sample and the ZnO thermal 
expansion coefficient perpendicular to the c-axis (4.7 x 10-6 K-1) [143], the change in strain 
between the aqueously grown ZnO and the annealed ZnO is calculated to be 8.75 x 10-4. 
 
3.7 Photoluminescence of Commercial ZnO  
 Commercial single crystalline ZnO was purchased and optically measured to use as a 
comparison for the aqueously grown material.  Room temperature PL was first taken on the 
commercial sample as shown in Figure 3.12 and compared with the aqueously grown ZnO.  
The bandgap peak position is approximately 3.3eV and the width of the peak is significantly 
smaller than that of the aqueously grown ZnO both before and after the application of high 
temperatures.  The fitting function from Section 3.3 was again used and the commercial ZnO 
photoluminescence also appeared to consist of two peaks.  The splitting between the two 
peaks was much smaller for the commercial ZnO than for the aqueously grown samples.  The 
commercial ZnO is grown hydrothermally and from optical measurements a much larger 
green defect band luminescence is observed.  In addition, the annealed aqueously grown ZnO 
more closely resembles the commercial material than the originally grown ZnO.   
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Figure 3.12: Comparison of photoluminescence of aqueously grown ZnO, annealed 
aqueously grown ZnO, and commercial ZnO.  All spectra taken at room temperature. 
 Heating measurements were performed on the commercial material as shown in 
Figure 3.13.  A redshift of the UV photoluminescence peak is observed, as is a broadening of 
the peak with increasing temperatures.  Figure 3.14 shows the peak positions versus 
temperature for the commercial sample.  A slope of approximately 5.0 x 10-4 eV/°C for both 
of the peaks is calculated and closely matches those for the annealed aqueously grown ZnO.  
As mentioned earlier, the splitting between the two peaks for the commercial sample is very 
small, however, the material was grown using a different technique than the aqueously grown 
ZnO samples.  In addition, the splitting between the two peaks remains fairly constant with 
increasing temperature, which was not the case for the annealed aqueously grown material.  
While the exact source of the second peak in the UV portion of the commercial ZnO’s 
photoluminescence has not been confirmed, it is believed that it is again due to a defect in the 
material.   
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Figure 3.13: PL spectra of commercial ZnO at various temperatures. 
 
Figure 3.14: Photoluminescence peak position versus temperature for commercial ZnO. 
 After taking the photoluminescence measurement at each desired temperature, the PL 
of the ZnO at room temperature was measured as shown in Figure 3.15.  Unlike the original 
aqueously grown ZnO, the commercial ZnO has approximately the same mean peak energy 
values regardless of the previous temperature the sample is heated to.  No cracking in the 
commercially purchased ZnO crystal was observed with heating and, therefore similar room 
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temperature photoluminescence measurements taken after being heated to different 
temperatures are expected. 
 
Figure 3.15: PL spectra of commercial ZnO taken at room temperature after being exposed to 
high temperatures.   
 
3.8 Persistent Photoconductivity Measurements on ZnO Samples 
 As the name suggests, persistent photoconductivity is the presence of a photocurrent 
in a material long after it has been exposed to, in our case, UV excitation.  Persistent 
photoconductivity has been measured in many types of semiconductor materials and devices 
including zinc oxide [146]–[148].  The presence of persistent photoconductivity is important 
to understand as it can drastically alter the performance of a device even after excitation is 
applied.  Many of the reports in ZnO systems to date have cited persistent photoconductivity 
as an issue related to defects in the material, but the absolute cause is still in question [148], 
[149].  Several reports have investigated the role that the amount of oxygen adsorbed onto 
the surface plays, while another believes it involves the bistability of substitutional hydrogen 
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at oxygen sites [149], [150].  Regardless of the exact cause, the lack of decay over time of the 
photoresponse in a material is import to identify and can lead to further information about the 
material being measured.   
 One way to optically measure if the three samples under investigation (aqueously 
grown, annealed aqueously grown, and commercial) have persistent photoconductivity is to 
compare the photoluminescence of the samples before and after being exposed to the full 
power of the 325nm laser (~5mW) for 2 seconds.  In the case of the aqueously grown ZnO, 
shown in Figure 3.16, the intensity of the initial photoluminescence signal is significantly 
less than the photoluminescence intensity after the sample was exposed to the full intensity of 
the laser.  This large increase in the intensity is attributed to persistent photoconductivity.  
When the ZnO is exposed to the ~5mW UV laser, many of the carriers may become stuck in 
various defects and traps in the material as shown in Figure 3.17.  Therefore, when the 
second photoluminescence curve is taken, a significantly larger proportion of the traps are 
filled.  With the traps now full, a greater number of electrons and holes produced by the 
photoluminescence excitation recombine, leading to the higher spectra intensity.   
  
Figure 3.16: Comparison of aqueously grown ZnO photoluminescence before and after being 
exposed to full laser power (~5 mW) for 2 seconds.  
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Figure 3.17: (a) Energy level diagram showing conduction band, valance band, and defect 
states.  (b) During above band excitation electrons are promoted from the conduction band 
into the valance band.  When they relax the electrons can become trapped in the defect states.  
(c) Following high intensity excitation the defect states are highly populated.  (d) Upon 
subsequent PL excitation carriers are once again promoted across the bandgap however, now 
they have a much smaller probability of becoming trapped in defects due to the existing 
electron population within the traps.  This causes a higher proportion of the photo-excited 
carriers to radiatively recombine with holes in the valance band. 
 After exposing the aqueously grown ZnO to the full laser power, the intensity of the 
photoluminescence after certain amounts of time was measured as shown in Figure 3.18.  
The photoluminescence curves slowly decrease over time; however, even after almost a day, 
the measured intensity is still above that of the before exposed material.  This means that 
there may be some very long-lived traps in the material that cause the persistent 
photoconductivity to last for a significant amount of time.  The presence of persistent 
conductivity over long periods of time in ZnO has been previously reported in the literature 
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[148].  The effect on the material of additional 2-second full power laser exposures as shown 
in Figure 3.18 was also investigated.  Subsequent exposures of the ZnO continued to result in 
increases in the intensity of the photoluminescence.  The additional increases in the intensity 
were observed to be much smaller than the initial effect shown in Figure 3.16. While many of 
the traps were filled during the initial 5mW UV laser exposure, additional traps may become 
filled upon subsequent optical exposures.   
 
Figure 3.18: Decay of PL from aqueously grown ZnO over time.  In addition, PL spectra 
from additional full power laser exposures on the ZnO.   
 Similar photoluminescence data were taken on the annealed aqueously grown and 
commercial ZnO samples as shown in Figure 3.19 and Figure 3.20.  In the case of the 
annealed aqueously grown ZnO sample, the initial PL spectra and the after full laser power 
exposure spectra taken were the same.  For the commercial ZnO sample, the initial 
photoluminescence spectra was slightly higher than the after full laser power exposure.  
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Compared to the change observed in the aqueously grown ZnO, the difference measured for 
the commercial sample was very small.    
 
Figure 3.19: Comparison of the annealed aqueously grown ZnO before and after being 
exposed to full laser power (~5 mW) for 2 seconds. 
 
Figure 3.20: Comparison of commercial ZnO photoluminescence before and after being 
exposed to full laser power (~5 mW) for 2 seconds. 
 Overall, further optical measurements on the three ZnO samples in which they were 
exposed to a high intensity UV laser beam resulted in very different photoluminescence 
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curves.  The aqueously grown ZnO showed a persistent photoconductivity that upon further 
investigation appears to decay over a matter of days.  The photoluminescence intensity could 
be further increased by additional high power UV laser exposures.  In contrast, the annealed 
ZnO and the commercially purchased material did not show a persistent photoconductivity.  
These experiments further indicate the presence of defects in the aqueously grown material 
that appear to not be present after it is annealed.  In addition, the annealed ZnO and 
commercial material show very similar optical responses to the high power UV laser 
exposure.   
 
3.9 Comparisons and Summary of ZnO Photoluminescence 
 Putting together all of the optical measurements performed on the ZnO samples one 
can see that the commercial ZnO and the annealed aqueously grown ZnO show the most 
similarities.  Comparing the behavior of each of the samples during the temperature 
dependent measurements as shown in Figure 3.21, it becomes apparent that the commercial 
ZnO and Peak 1, the higher energy peak, of the annealed aqueously grown ZnO show very 
similar behaviors over a wide temperature range.  Therefore, it can be concluded that Peak 1 
for the annealed sample is due to the bandgap transition and that Peak 2 is due to shallow 
donor defect inclusions from the aqueous growth.  For the aqueously grown ZnO sample, 
initially there is a peak higher than the expected bandgap energy, which is believed to be the 
bandgap energy slightly shifted due to the strain in the ZnO (Peak 1 up to 200°C).  Once 
heating of the sample above 200°C occurs this higher energy peak shifts to the expected ZnO 
bandgap at the given temperatures, as can be seen in Figure 3.21.  This jump in the bandgap 
occurs when the ZnO film delaminates from the substrate and cracks.  In doing so it is 
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believed that the strain is reduced and that the flakes of ZnO are higher quality.  Above 
200°C the higher energy peak, Peak 1, for the aqueously grown and annealed samples are 
comparable at the full range of temperatures measured.  The lower energy peak, Peak 2, for 
the aqueously grown ZnO is attributed to shallow donor defects in the material due to the 
aqueous growth.  This photoluminescence peak also shows a sudden jump in energy with the 
cracking of the ZnO film and closely matches the calculated peak energies for the lower 
energy peak, Peak 2, of the annealed ZnO.  Optical measurements made at room temperature 
following heating, shown in Figure 3.22, confirm that Peak 1 of the aqueously grown ZnO is 
most likely the bandgap transition in the material.  Once the cracking of the ZnO occurs the 
higher energy peak, Peak 1, of the aqueously grown ZnO closely matches the energies for 
Peak 1 of the commercial ZnO sample.   
 Lastly, persistent photoconductivity is measured in the initially grown ZnO, which is 
no longer observed once high temperature heating is performed.  The presence of persistent 
photoconductivity along with the change in the photoluminescence in the aqueously grown 
ZnO upon heating lead to the belief that additional defects and strain are introduced into the 
material due to the growth method.  Heating of the ZnO can however, remove some of the 
effects and produce an optical signal more similar to commercially purchased zinc oxide.  It 
may be possible to engineer a growth pattern for the ZnO on the spinel substrates that 
reduces the amount of strain present and avoids the cracking of the ZnO film.  Regardless, 
the ability to aqueously grow high quality ZnO is a promising step towards the development 
of wide bandgap photonic devices fabricated using a bottom-up, low temperature growth 
technique.  The advantage of this method is that it allows single crystalline layers to be easily 
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grown and has the potential for creating complex photonic device structures via lithographic 
patterning of the substrate.  
 
Figure 3.21: Fitted peak positions for the three different ZnO samples during heating 
measurements. 
 
Figure 3.22: Fitted peak positions for aqueously grown and commercial ZnO after being 
heated.  All measurements taken at room temperature.   
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Chapter 4  
 
Constrained, Aqueous Growth of 
Zinc Oxide Structures 
 
 
4.1 Introduction and Motivation 
 Selective growth of semiconductor materials through pre-patterned masking layers 
can provide important advantages for the definition and performance of the final structures.  
Such an approach can control the placement of arrays of microstructures or nano-structures 
[44], [75], [77], [151], [152].  In addition to simplification of the fabrication process, one of 
the main advantages of selective growth in terms of device fabrication is that it could result 
in structures with crystallographically smooth sidewalls without the challenges of 
degradation brought about by an etch process [48]–[51].  In many cases, patterned, epitaxial 
growth of high quality semiconductor materials occurs only at high temperatures (typically 
>500°C) [153], [154].  At these temperatures masking the desired regions of the sample and 
control of the growth process can be difficult.  In this chapter, experiments are performed 
that explore the selective growth of singe crystal zinc oxide (ZnO), formed through a low 
temperature, aqueous process.  The growth is directed by nanometer-scale and micron-scale 
pre-patterned “molds” formed of photoresist or electron-beam resist.  The effects of the mask 
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material on the constrained growth, size and shape of the pre-patterned opening, as well as 
the orientation of the mask with respect to the underlying crystalline structure are 
investigated.  The structures fabricated demonstrate the ability to easily control the final 3D 
shape of the grown ZnO simply by controlling the growth duration and strategically choosing 
the size, shape, and orientation of the masking material.   
 
4.2 Sample Preparation 
 ZnO is a transparent, wide bandgap (~3.3eV) semiconductor, with a predominant 
hexagonal wurtzite crystalline structure at ambient conditions [14], [15], [24].  A variety of 
techniques have been employed to form ZnO as discussed in Chapter 2 [24], [155], [156].  
The approach used here incorporates a solution-based growth in zinc nitrate hexahydrate, 
ammonium hydroxide, sodium citrate, and deionized water, the details of which can be found 
in Chapter 2.4 [65], [129], [137], [138].  The fabrication process steps are outlined in Figure 
4.1. 
 
Figure 4.1: Overall fabrication process of aqueously grown ZnO structures on spinel 
(MgAl2O4). (1) Nucleation of ZnO on MgAl2O4 substrate in the microwave.  (2) Overnight 
growth of ZnO in 90°C oven.  (3) Photolithography or e-beam lithography patterning and 
subsequent developing of resist.  (4) Growth in 90°C oven for desired amount of time.  (5) 
Resist removal. 
 60 
A seed layer was first formed on the lattice matched (111) MgAl2O4 spinel substrates under 
microwave treatment.  Samples were then placed in a 90°C oven overnight to form a smooth 
and continuous base layer.  The base layer was lithographically patterned with either 
photoresist or e-beam resist, resulting in polymer “molds” of different shapes and 
orientations.  Following the making of the mold, the sample was again put in the growth 
solution containing sodium citrate, to limit the growth in the vertical (0001) direction, and 
placed in the 90°C conventional oven for the desired amount of time.  Typical growth times 
for the structures presented in this chapter ranged from 2 hours to 4 hours, producing a range 
of structure sizes with heights up to approximately 7µm depending on the growth solution.  
Following all growth steps, the resist was removed from the sample by placing the sample in 
PG Remover on a 100°C hotplate for 5-10 minutes.  
 
4.3 Experimental Techniques 
 Photolithography was performed using a Suss MJB4 Mask Aligner.  Shipley 1811 
and 1813 photoresists were spun onto the samples for 45 seconds at either 4000rpm or 
5000rpm resulting in resist thicknesses between 1µm and 1.5µm.  Samples were placed on a 
115°C hotplate for 1 minute immediately following the spin coating of the resist.  Masks 
with various thicknesses of lines and sizes of circles were used for the lithography process.  
Hard contact mode was found to produce the straightest sidewalls and was therefore the most 
utilized contact mode.  Samples were developed in CD-26 developer for 1 minute and then 
thoroughly rinsed with water for 1 minute before being dried with nitrogen.    
 Electron beam (E-beam) lithography was done on an Elionix ELS-F125 system.  
Appropriate doses and exposure times were determined to provide the best resolution for the 
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pattern being written.  Polymethylmethacrylate (PMMA) was used as the resist for e-beam 
written molds.  PMMA was spin-coated onto the ZnO base layers at 4000rpm for 45 seconds.  
The samples were then baked on a 180°C hotplate for 3 minutes.  The ZnO is non-
conducting, and therefore to produce a conductive sample, as is need to ensure the best 
results when using the e-beam lithography system, a 10nm layer of gold was spin coated onto 
the samples.  Following the e-beam write, the gold was removed from the sample using a wet 
gold etch for 20 seconds and then rinsed with water.  The samples were developed in 1:3 
MIBK:IPA for 1 minute and then placed in IPA for 1 minute.   
 Scanning electron microscopy (SEM) images of the fabricated structures were 
obtained using the FESEM Ultra55 or FESEM Supra55VP.  A 5keV electron beam was used 
for imaging the ZnO samples.  Both systems are equipped with a titling stage, which allows 
for more in depth surface examination of the sides of fabricated structures.  For samples 
where charging was a particular problem, 5nm of gold was sputtered onto the surface of the 
samples. 
 The crystallographic orientations of the ZnO were measured using electron 
backscatter diffraction (EBSD) on the FESEM Supra55VP.  In addition to investigating the 
crystal orientation of the material, EBSD allows for the measurement of the misorientation, 
grain size, phase identification, etc..  A 20keV electron beam hits the sample and diffracted 
electrons are measured on a phosphor screen.  A CCD camera is used to view the diffraction 
pattern produced on the screen.  These diffraction patterns are used to determine the 
crystalline orientation along with other material properties.  
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4.4 Structures Formed Using Photolithography Masks 
 Using resist as a mold for the growth of ZnO allows for the possibility to create 
numerous sizes and shapes of structures.  Photolithography was initially used to create the 
mask layers due to the ease of fabrication.  Figure 4.2 shows a cross-section of ZnO growth 
along the patterned lines of photoresist.  The ZnO exactly follows the shape of the 
photoresist, which shows that using resist as a mold during ZnO growth is a viable option.   
 
Figure 4.2:  ZnO aqueous growth exactly following the shape of the photoresist pattern. 
 One of the advantages of bottom-up growth is the ability to vary conditions such as 
the growth time and create structures of different sizes and shapes.  Figure 4.3 shows ZnO 
structures grown for different amounts of time through circular holes in the photoresist.  
During the growth, the ZnO initially grows in the constrained region of the mold.  Once the 
mold region is filled, the ZnO overgrows the resist and grows unconstrained, eventually 
leading to hexagonal structures due to the crystalline structure of zinc oxide.   
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Figure 4.3: ZnO structures grown through holes patterned in photoresist grown for a) 2.25 
hours, b) 3 hours, and c) 4 hours.   
In Figure 4.3 the post regions of the ZnO structures are tapered due to the slope in the 
photoresist mold caused by the photolithography processing.  The ZnO structure grown for 
2.25 hours (Figure 4.3(a)) overgrows the post region.  Rounded edges of the overgrown 
material are observed, as it has not grown for long enough to produce the hexagonal facets 
that are often found with ZnO structures.  The structures grown for 3 hours and 4 hours 
(Figure 4.3(b) and Figure 4.3(c)) have grown for long enough where smooth, hexagonal ZnO 
structures are fabricated.  The amount of growth in both the vertical (0001) direction and the (1010) direction of the ZnO after it reaches the top of the mold were measured and are 
shown in Table 4.1.   
 
 2.25 Hours 3 Hours 4 Hours 
Overgrown ZnO 
Height ~1µm ~2.7µm ~4µm 
Overgrown ZnO 
Diameter ~2.5µm ~7µm ~10µm 
Table 4.1: Amount of ZnO growth above the circular mold openings for different growth 
times. 
 Another advantage of the aqueous growth method is the ability to stop growth at a 
desired point and be able to continue the growth process at a later time with no observed 
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effect.  Figure 4.4 shows a ZnO structure grown through a photolithographically defined 
hole.  The sample was grown for 4 hours in the growth solution, removed from the solution, 
and placed in a new growth solution where it was again grown for four hours four different 
times.  The SEM image shows extremely smooth, hexagonal sidewalls for the overgrown 
ZnO material and no indication that the growth was interrupted numerous times.  The ability 
to stop growth and replenish the growth solution, as the constituents are used up during the 
growth, allows for the growth of very tall ZnO structures with large aspect ratios.  Such 
structures would be difficult to fabricate using top-down fabrication techniques. 
 
 
Figure 4.4: Single crystalline ZnO structure grown through a photoresist mold.  The growth 
was stopped 3 times to exchange the growth solution and replenish the solution constituents. 
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4.5 Structures Formed Using Electron Beam Lithography Defined Masks 
 The resist masks fabricated using photolithography had significant tapered sidewalls 
as shown in the previous section.  For many applications where undercut structures could 
prove to be advantageous, vertical profiles in the resist are required to obtain well-defined 
undercuts in the material.  To achieve such structures electron beam lithography was used 
rather than photolithography.  Initial experiments utilized four different diameter circular 
molds (2µm, 1µm, 0.50µm, and 0.20µm) formed of approximately 500nm thick patterned 
PMMA.  ZnO was grown for 4 hours, with an 8M zinc nitrate growth solution.  The final 
structures are shown in Figure 4.5.  For all of the grown structures the ZnO fully fills the 
circular molds and assumes the shape of the post region.  The final height of the hexagonal 
structures grown through all four patterned diameter sizes was found to be the same (3.6 ± 
0.1µm), unaltered by the size of the hole opening.  Therefore, the growth rate in the (0001) 
direction dominates the ZnO growth.  Once the growth reached the top of the mold and is 
laterally unconstrained, the “natural” hexagonal symmetry of the ZnO structures emerges and 
the sidewalls of the overgrown region become smooth with crystallographically-defined m-
plane facets as was observed in the structures grown through photoresist molds. 
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Figure 4.5: SEM micrographs of ZnO grown in an 8M zinc nitrate solution for 4 hours 
through a) 2µm, b) 1µm, c) 0.50µm, and d) 0.20µm diameter circular holes.  Insert in d) 
shows a top-down view of the ZnO structure with the scale bar equal to 500nm. 
 
Figure 4.6 shows that a linear dependence between the hole opening and the final structure 
diameter is observed.  Regardless of the diameter of the post, the lateral overgrowth of the 
structure is 0.55 ± 0.04µm.  This indicates a lateral growth rate independent of the mold size 
and shape, which is determined by the rate of the growth perpendicular to each (slow-
growing) m-plane facet.  Therefore, it can be concluded that the ZnO growth is determined 
by the c-plane growth in the vertical direction and by the m-plane growth in the lateral 
direction. 
500nm 500nm 
500nm 500nm 
(a) (b) 
(c) (d) 
500n
m 
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Figure 4.6: Comparison of the size of ZnO structures grown through patterned circular 
openings with both 8M (blue) and 12M (red) zinc nitrate growth solutions. 
 The exact growth rate of the various ZnO crystalline planes is non-trivial to calculate 
due to the fact that the rate is nonlinear.  The patterned samples require some time to come to 
thermal equilibrium with the 90°C oven temperature.  Growth will occur when the increased 
temperature results in the decreased solubility of the ZnO solution [74].  Preliminary 
experiments established that the ZnO growth begins approximately 2 hours after the sample 
is placed in the oven.  If we assume a subsequent constant growth rate, the vertical (0001) c-
axis growth rate of the ZnO is calculated to be ~30 nm/min.  In addition, using the same 
assumptions and taking into account the time required to grow to the top of the patterned 
mold, the growth rate of the (1010) m-planes is found to be ~6 nm/min.  These two rates 
may be separately controlled by changing the concentration of the zinc nitrate and/or the 
sodium citrate in the growth solution.  For the same growth time, changing the concentration 
of the zinc nitrate in the growth solution to 12M resulted in an increased height of the 
structures to 6.8 ± 0.30µm and an additional lateral epitaxial overgrowth to 2.32 ± 0.05µm 
for all four hole openings.  This corresponds to growth rates in the vertical and lateral 
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directions of ~57 nm/min and ~21 nm/min, respectively.  The linear relationship between the 
patterned hole diameter and the final structure diameter for the higher concentration solution 
is shown in red in Figure 4.6.  
 The shapes of the mold were then altered and the geometry of the resulting structures 
was investigated.  Several different shapes (circle, hexagon, triangle, and square) each with a 
lateral dimension d of 3µm as shown in Figure 4.7 were patterned in the approximately 
500nm thick PMMA to create molds for the ZnO growth.   
 
Figure 4.7: Scanning electron microscopy images taken perpendicularly to the substrate 
(upper images) and at a tilt of 6.5° from the substrate (lower images) of the resulting ZnO 
structures after 4 hours of growth in a 90°C oven with initially patterned (a) circle, (b) 
hexagon, (c) triangle, and (d) square.  Outlined shaded region indicates the e-beam 
lithography patterned post and d = 3µm. 
The upper and lower SEM images in Figure 4.7 show the resulting structures after 4 hours of 
growth, imaged perpendicularly to the plane of the substrate and at a 6.5° angle from the 
substrate, respectively.  The bottom part of the ZnO structure (post region), which is visible 
in the lower SEM images in Figure 4.7, again exactly fills the mold that was patterned.  
Similar to the results obtained for the circular molds, once the thickness of the ZnO exceeds 
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the height of the mask layer the growth is no longer constrained in the lateral direction, and 
the natural hexagonal symmetry of the structures emerges.  
 The clear hexagonal symmetry of the ZnO structure suggests that there is a defined 
crystallographic orientation in the material that guides the growth of the structures, perhaps 
present in the base layer.  Such an orientation was confirmed by electron backscatter 
diffraction (EBSD) measurements, seen in the combined image quality (IQ) and inverse pole 
figure (IPF) in Figure 4.8(a).  The colors in the figure indicate the collective quality [157] of 
the electron backscatter diffraction pattern together with the crystal orientations of the 
material. The m-planes in the ZnO are indicated by yellow lines.  Given the crystallographic 
orientation of the base layer, it is important to consider the effect of the orientation of the 
mold geometry relative to the base layer.  These data are shown in Figure 4.8(d): 3µm 
triangular openings were patterned in the PMMA with each successive pattern rotated by 10°.  
The scanning electron microscope images of the resulting structures after 3.5 hours of growth 
show the shape of the overgrown material relative to the orientation of the original mold 
pattern.  Deviations of the mold orientation from that of the ZnO base layer’s crystalline 
structure result in growth of less regular geometrical shapes in the xy-plane.  These structures 
can be seen as intermediary shapes, before the overall structures become hexagonal.  When 
the edges of the patterned opening align with the (1010) m-planes of the ZnO, very smooth 
and vertical sidewalls are observed.  The ability to easily form extremely smooth sidewalls is 
particularly important for optical devices to minimize scattering loss.  These experiments 
suggest that smooth sidewalls can be obtained, even for non-hexagonal structures and molds, 
through the judicious orientation of the mold pattern to the base layer.   
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Figure 4.8: Successive rotation of e-beam lithography patterned triangular mold with ZnO 
growth of 3.5 h. (a) Combined image quality (IQ) and inverse pole figure (IPF) obtained 
using electron backscatter diffraction (EBSD) of the ZnO base layer with the direction of the 
m-planes of the ZnO indicated with yellow lines. Electron backscatter diffraction combined 
IQ and IPF of a ZnO structure grown through (b) a mold aligned with the base layer 
crystalline planes and (c) a mold misaligned from the base layer crystalline planes by 30°. 
Yellow lines indicate the m-planes of the ZnO. (d) SEM micrographs taken perpendicular to 
the sample (upper images) and at a 45° tilt angle (lower images) with each pattern from left 
to right rotated an additional 10°. The first image shows when the mold and therefore the 
final ZnO structure was aligned with the hexagonal crystalline planes of the ZnO base layer. 
 EBSD measurements performed on the top surface of the grown ZnO structures 
confirm a common orientation of all the ZnO material relative to the base layer’s 
crystallographic orientation.  Figure 4.8(b) and Figure 4.8(c) show the combined image 
qualities and inverse pole figures, as well as measured ZnO m-plane orientations for a mold 
aligned with the base layer’s crystallographic planes and for a mold misaligned 30° from the 
crystal structure of the base layer, respectively.  Although the initial shape in the xy-plane is 
heavily influenced by the mold orientation, the m-plane orientation of the ZnO in both 
figures is the same.  This indicates that while the crystalline orientation of the material is 
always the same, the final shape of the ZnO in the xy-plane can be changed by rotating the 
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mold through which it is grown.  Similar measurements were taken on growth through other 
rotated shapes, such as squares and hexagons, and similar results were observed.   
 The data shown in Figure 4.7 and Figure 4.8 show the dominance of the growth rate 
perpendicular to the m-planes in producing the hexagonal symmetry in the xy-plane. 
Different sized patterned openings were combined with various rotations of the triangular 
patterns as shown in Figure 4.9 to better understand the transition from the lateral shape, 
defined by the mold, to the eventual hexagonal shape, dictated by the underlying orientation 
of the base layer.  All of the growth conditions for the structures are kept the same, with a 
triangular core dimension of d= 3µm, 1.5µm, and 0.75µm, respectively, and growth time of 4 
hours.  Using a simple geometric calculation the length of each edge of the final structure at a 
given growth time can be calculated.  The three edges of the hexagonal structure parallel to 
those of the patterned triangle have a length of ! = 2 3!(!)/3+ !, where ! = 2! 3/3 is 
the side length of the patterned triangle and b(t) is the amount of growth perpendicular to the (1010) m-plane direction as a function of time, as shown in the left most panel of Figure 
4.9(a).  The amount of lateral growth, b(t), is found to be independent of the size of the 
patterned triangle.  The remaining three sides of the final ZnO structure, which form from the 
vertices of the patterned triangle, have a length of ! = 2 3!(!)/3.  As expected, these are 
the same length for the three different size triangles patterned (2.99 ± 0.03µm).  As the size 
of the patterned triangle openings is reduced, the value of a becomes small compared to 2 3!(!)/3 and thus the shape in the xy-plane approaches a regular hexagon at earlier times 
in the growth.  Therefore, by choosing a mold for the post region and strategically orienting 
the mold with respect to the crystalline orientation of the base layer, a variety of three-
dimensional ZnO shapes can be grown with high quality sidewalls determined by the crystal 
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facets.  In addition, if the diameter of the post is significantly less than the amount of lateral 
overgrowth then the resulting structures are hexagonal with smooth sidewalls, and have no 
dependence on the initial mold orientation.   
 
Figure 4.9: SEM micrographs of ZnO grown through (a) d = 3µm, (b) d = 1.5µm, and (c) d = 
0.75µm patterned triangles in resist. (a is the length of the triangle, b is the amount of growth 
perpendicular to the m-plane direction of the ZnO, σ = 2 3!(!)/3!+ !, and β =2 3!(!)/3).  
In each successive image from left to right the patterned triangle was rotated an additional 
10° relative to the crystalline planes in the ZnO base layer.  Scale is the same for all images. 
 In some of the images in Figure 4.9 additional ZnO growth of the sides of the 
structures has occurred and is believed to have resulted from nucleation at specific sites on 
the lower part of the sidewalls of some of the structures [158].  While the origin of the extra 
nucleation is currently unknown, the density of the extra nucleation varies between samples 
which suggests some sort of contamination either in the growth solution or on the surface of 
the mold utilized.  Further investigation is required to control the formation of such extra 
nucleation, and to further understand how the structure is modified as growth proceeds from 
constrained (by the mold) to unconstrained.   
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 In this chapter, the ability to exert control over single crystalline zinc oxide structures 
aqueously grown through patterned molds of various shapes and sizes is shown.  The ZnO 
precisely fills the molded region during growth regardless of the shape of the mold patterned.  
As expected, the faster growth rate of the c-plane of the ZnO with respect to the m-plane 
growth rate has been observed.  The m-plane growth determines the lateral shape of the final 
ZnO structures, and the orientation of the mold with respect to the crystalline planes in the 
base layer is found to play an important role in the crystal facets observed in the final ZnO 
structures.  By aligning the mold to the crystalline planes in the base layer, smooth, high 
quality sidewalls are observed.  When misaligned, a variety of three-dimensional structures 
can be fabricated.  In addition, when the diameter of the post is much smaller than the lateral 
overgrowth the final ZnO structures are hexagonal regardless of the orientation of the mold.  
The ability to easily fabricate ZnO structures with such smooth sides using this patterned 
aqueous growth technique, and without the use of possibly damaging etching techniques, 
opens the door to new and improved devices such as microdisks, photonic crystals, and 
lasers.  Good quality material and smooth sidewalls are necessary for many devices as loss 
and scattering mechanisms need to be kept to a minimum for efficiently operating devices.   
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Chapter 5  
 
Simulations and Fabrication of ZnO 
Devices 
 
 
5.1 Introduction and Motivation 
 Photons, which travel at the speed of light and exhibit long coherence times, are 
excellent for transmitting information, and light has long been used as a means for 
communication.  Optical telecommunication technologies, which have developed from the 
Nobel Prize winning first demonstration of light transmission along glass rods into a global 
high-speed broadband network, have transformed the modern world [159]–[162].  The 
development of photonic and optoelectronic devices has played an important role in the 
maturing of modern optical communication technology. The inventions of LEDs [56], [163]–
[166], photodiodes [167]–[170], and most importantly solid-state laser diodes [171]–[173], 
have all been crucial in both miniaturizing and reducing the cost of telecommunication 
technology.  These technologies have revolutionized optical science by providing reliable, 
cheap, and robust devices for transmitting and receiving optical information. 
 While light has proven to be an excellent means for transmitting information, as it 
does not suffer as greatly from interference and attenuation effects common with electric 
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transmission of information, it is less useful for information processing.  In order for 
information processing to occur manipulation of data is required and it has proven difficult to 
interact with light in a nondestructive way.  Typically, well-developed LED and laser diodes 
encode information in light and transmit it using fiber optics.  Once the light is received at its 
destination it is converted into an electrical signal where information is processed in the solid 
state using well-developed integrated circuit technologies.  These integrated circuit 
technologies have been developing at an astounding rate and companies such as Intel and 
IBM have been utilizing extensive resources to further develop these technologies.  Moore’s 
Law shown in Figure 5.1 describes the rate at which integrated circuit technology has been 
developing over the past several decades [1].  Approximately every two years the number of 
transistors per unit area of an integrated circuit doubles.  This increase in transistor density 
over time will be difficult to sustain using established technologies as the dimensions of the 
transistors are currently approaching the size of atoms and quantum effects will become 
important at these length scales.  As the size of the transistors is reduced, and the density of 
transistors increased, the thermal properties of integrated circuits become harder to control 
[2], [174].  Increased resistive heating from narrow transistor channels, combined with 
reduced surface area to volume effects, can make thermal management difficult [175], [176]. 
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Figure 5.1: Number of transistors on a chip versus the year showing the increase predicted by 
Moore’s Law.   Reprinted with permission from [177]. 
 As the practical limits of Moore’s Law are being reached with established 
technologies there is a push to find new technologies to continue the development of 
processing power.  Intel for example has developed an Ivy Bridge processor, which uses their 
22nm process technology [178].  In these processors 3D tri-gate transistors are fabricated 
which allow for lower operating voltages and more channel control due to conductive 
channels formed using fin-like structures [179].  IBM on the other hand has demonstrated 
graphene integrated circuits [180], [181].  An advantage to using graphene is that faster 
processing of information can be achieved because of the much higher carrier mobilities in 
graphene than in previously used materials.   
 While new technologies continue to emerge that utilize information processing of 
electrical signals, a promising avenue of research is looking into using photonic technology 
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for information processing.  Researchers at IBM have shown the ability to use pulses of light 
rather than electric current through small wires to transfer information from one processor to 
another on a chip [3], [182].  The ability to do so increases the processing speed while 
significantly reducing the cost, power used, and heating effects in the chip.  These hybrid 
photonic-electronic technologies are shaping up to be the future for integrated circuits, and 
therefore photonic engineering of materials is likely to play an important role in developing 
new optical technologies.    
 
5.2 Optical Cavities 
 Photonically engineered structures are typically very selective to the wavelength, 
propagation direction, phase, and other attributes of a photon’s state.  Importantly, these 
structures confine, store, and interact with light in a particular location overcoming the 
difficulty of creating stationary information.  One such type of device that is specifically 
designed and fabricated to interact with light at a resonant wavelength is an optical cavity.  In 
free space the wave vector for a given wave is unrestrained and can therefore propagate with 
any k-value.  Cavities on the other hand, alter the density of states such that certain k-values 
are enhanced and others are suppressed.  Take the basic example of a cube shaped cavity 
with edge lengths equal to L.  The solution of Maxwell’s equations for an electromagnetic 
wave within a volume V yields ! !, ! = ! !!!!(!∙!!!")!  (5.1) 
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The electromagnetic field is made up of the superposition of travelling waves where       ω = 
c ! .  The allowed values of kx, ky, kz can be determined by considering the boundary 
conditions for the cavity.  In this example:  !!! = 2!!! !!! = 2!!! !!! = 2!!! (5.2) 
where nx, ny, and nz are integers.  The allowed values for the wave vector in the cavity can be 
written as shown in Equation 5.3. 
!! ≡ !! , !! , !! = !2!! !! ,!! ,!!  (5.3) 
Due to the boundary conditions when solving Maxwell’s First Equation, each set of (nx, ny, 
nz) integers actually represents two modes of the cavity with different polarizations.  From 
Equation 5.3 it is apparent that waves with only certain k values are allowed in the cavity as 
these are standing waves that constructively interfere.  Waves that are out of phase will 
destructively interfere and will be suppressed by the cavity.  While this example is 
specifically for a cube shaped cavity, the basic principle of only certain k-values being 
sustained in the cavity remains the same regardless of the shape of the cavity.   
 The patterns created by standing waves in cavities are referred to as the modes of the 
cavity.  Typically, optical resonators are characterized by two key qualities: the quality factor 
(Q-factor) and the modal volume.  The quality factor of a cavity characterizes how well the 
cavity contains the light and is related to the decay time of the resonant mode.  The quality 
factor can also be thought about as the fraction of photons that will escape the cavity in a 
given time.  The modal volume is simply the volume that is occupied by the confined optical 
mode.   
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 In general, cavities alter the density of states in a very frequency dependent way, 
which allows for the engineering of cavities such that there is a high degree of selectivity of 
the wavelength and polarization of the light enhanced in them.  A simple cavity designed to 
operate at a specific resonant wavelength can be made from small volumes of materials with 
the correct dimensions so that an integer number of wavelengths are contained in the 
structure as described above.  The confinement in these cavities can be achieved by 
reflections at the edges of the volume due to the difference in the refractive indices of the 
material, for example between a dielectric and air or two different low-loss dielectric 
materials.  These microcavities typically have at least one dimension on the order of the 
wavelength of light that it is designed for.  Several optical cavity geometries have been 
fabricated such as micropillars, microspheres, and microdisks [183].  Silica microspheres 
have been found to be one of the best cavities at containing light (highest Q-factor) however; 
they have numerous densely spaced modes limiting their usefulness for certain applications 
such as stable lasers [184]–[186].  Microrings and microdisks also have relatively high 
quality factors and in general are easier to fabricate than microspheres making them more 
attractive for integrated optical networks.  These micro-cavities have been fabricated out of 
numerous types of materials and are important for well-developed optical technologies such 
as lasers [187]–[189] and wavelength dependent sensors [190], [191].  Some various types of 
microcavities from Vahala’s review paper are shown in Figure 5.2 [183].  In addition, there 
are more advanced applications of cavities in emerging fields such as optical computing 
where they are used to enable photon-photon interaction and non-destructive measurements 
of photon states [192], [193].  
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Figure 5.2: Illustrations of several types of microcavities from [183].  The top row, from left 
to right, shows a micropost, a microdisk, an add/drop filter, and a photonic crystal.  The 
bottom row, from left to right, shows a Fabry-Perot bulk optical cavity, a microsphere, and a 
microtoroid.  Reprinted by permission from Macmillan Publishers Ltd: Nature [183], 
copyright 2003. 
 Often the inherently available confinement ability of the cavities mentioned above is 
not at the desired wavelength for a given application.  As a structure about the size of the 
wavelength being investigated is needed for optical manipulations it may not always be 
possible to fabricate a device small enough.  One way to overcome this is to use photonic 
crystals, which are materials with an engineered periodicity that is different than the 
periodicity of their underlying material crystalline structure.  Bragg reflection from the 
engineered periodicity allows the structures to interact strongly with other wavelengths of 
light.  In addition to pure reflection, the structures can be engineered to have complicated 
spatially varying periodicity patterns to allow for other manipulations. 
 In addition to cavities, periodic structures have also been used to make filters and 
waveguides.  The periodicity of a structure can be engineered in such a way as to allow light 
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of only certain wavelengths to pass or reflect through the structure.  Such devices are known 
as transmission and reflection filters respectively and have been used in a range of fields.  
For example, distributed Bragg reflector (DBR) mirrors, used in many types of 
optoelectronic devices, strongly reflect certain designed wavelengths of light while allowing 
others to pass through.  Periodic structures have also been used as waveguides to confine and 
direct light in many types of optoelectronic devices.  Devices with materials of different 
indices of refraction are designed such that optical waves are guided through the structure by 
total internal reflection. 
 Careful fabrication of cavities and periodic structures is crucial as it is often important 
for them to have smooth sides, flat faces, precise shapes and sizes, and be made out of high 
quality material.  Traditionally most of the microcavities to date have been fabricated using 
top-down approaches where a bulk piece of material is etched away to create the desired 
structure [40], [194].  Often these top-down techniques damage the material the cavity is 
made out of and don’t always provide the most smooth structure edges.  As shown in the 
previous chapter, the constrained aqueous growth of ZnO technique used in this work is an 
ideal method for fabricating high quality optical structures of various shapes and sizes.  Not 
only are the structures single crystalline but they also have crystalographically smooth 
sidewalls, which are ideal for optical devices.  In addition, pillar structures with high aspect 
ratios are inherently difficult to fabricate using most top-down techniques.  The constrained 
aqueous growth method used throughout this work allows for the easy fabrication of high 
aspect ratio pillars, which can be made into cavities, filters, and waveguides.  In this chapter, 
three types of microcavities made out of single crystalline ZnO are fabricated and simulated.  
These devices include microdisk resonators, ring structures, and photonic crystals.  In 
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addition to detailing the progress made towards fabricating and measuring these three types 
of devices, a detailed explanation of some of the challenges will be presented. 
 
5.3 Microdisk Resonators 
 Microdisk resonators are circular cavities of dielectric materials where light is 
confined by total internal reflection at the boundary of the structure.  The light propagates 
around the inner circumference of the disk such that the angle of incidence of the light is 
greater than the critical angle resulting in whispering gallery modes as shown in Figure 5.3.  
The round trip path length of the light in the circular cavity can be written as:  
round trip path length = Nd (5.4) 
where  
d = 2a(sin(π/N))  
and a is the radius of the disk.  One condition of a resonant mode in a cavity is that the path 
length of the cavity must be equal to an integer number of wavelengths as shown in Equation 
5.5. 
Nd = qλ = qc/ν,   q = 1, 2, 3… (5.5) 
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Figure 5.3: FDTD simulation of whispering gallery modes of circular ZnO microdisk 
resonator with r = 1µm and 250nm thickness.  The white dotted line is the boundary of the 
microdisk. 
This results in resonant frequencies (νq) of the cavity and spacing (νF) between the 
frequencies as given in Equations 5.6 and 5.7. 
νq = qc/Nd (5.6) 
νF = c/Nd (5.7) 
For a circular cavity such as a microdisk resonator, the limit where N, the number of 
reflections, approaches infinity is used.  In this case the path length becomes the 
circumference of the disk (2πa) and the spacing between the resonant frequencies is c/2πa.   
 The mode profile of a cavity shows how the electric field is distributed for 
electromagnetic waves of a certain k-value in a cavity.  In microdisk resonators, circular 
optical modes, also referred to as whispering gallery modes, are present as shown in Figure 
5.3.  Derivations of the whispering gallery mode profile can be found in [195].  Whispering 
gallery modes are the highest quality factor modes in microdisks but there are also other 
modes, such as radial modes, that are not as well confined to the structure.  The mode 
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profiles for all optical structures in this chapter were calculated using Lumerical FDTD 
Solutions.  
 Microdisk resonators have been fabricated out of many materials including silicon, 
GaAs, GaN, and diamond [194], [196]–[198].  These structures are fabricated from a bulk 
piece of material and masked such that etching processes produce the desired size and shape 
of the microdisks.  The use of etching steps in the fabrication of optical structures is often 
less than ideal as it can damage the material and decrease the quality factor of the device.  In 
addition, selective undercut etching to produce good optical isolation is often a challenge.  
Microdisk resonators have also been fabricated in ZnO although there are limited reports of 
such structures [45], [199]–[201].  Most of the reports of observed whispering gallery modes 
in ZnO have come from microwire and nanowire structures [53], [202]–[205].  Controlled 
etching of zinc oxide is difficult and therefore the ZnO microdisks reported in the literature 
were grown using chemical vapor transport or metal-organic chemical vapor deposition 
(MOCVD).  While these techniques produce the thin microdisk structures needed to observe 
whispering gallery modes, the fabrication of the structures is done at high temperatures, the 
precise size of the microdisk can be difficult to control, and the material is often 
polycrystalline.  In addition, the crystalline structure of zinc oxide strongly influences the 
shape of the grown microdisks and therefore only ZnO hexagonal microdisks have been 
reported to date with fairly low quality factors compared to circular disks [45], [199].  
 In contrast, our aqueous growth is done at low temperature (90°C), produces single 
crystalline ZnO, and allows for control of the size and shape of the disks.  The fabrication 
steps used to make ZnO microdisks is shown in Figure 5.4. 
 85 
 
Figure 5.4: Fabrication process for ZnO microdisk formation. (1) ZnO nucleated on MgAl2O4 
substrate.  (2) ZnO base layer growth.  (3) E-beam patterning of PMMA.  (4) ZnO growth.  
(5) Resist removal. 
To create optical isolation from the base layer of ZnO, the microdisks were fabricated by 
allowing the ZnO to overgrow the masked regions and produce undercut structures.  The 
ZnO structures grown were predominately hexagonal, as has been shown in Chapter 4 and 
previously reported in the literature.  More rounded structures can be achieved by varying the 
growth time although typically at the expense of the amount of undercut achieved.  FDTD 
simulations were performed to investigate the effect of varying the amount of undercut for 
250nm thick, 1µm radius microdisks.  The cross-sectional and top-down mode profiles for 
post radii of 250nm, 750nm, 850nm, and 975nm are shown in Figure 5.5.  In addition, the 
quality factors are calculated for the λ=472nm mode for different post radii and are shown in 
Table 5.1.  These simulations show that for the 1µm radii disks the whispering gallery modes 
remain in the 250nm thick disk region with posts up to radii of 850nm.  As the post radius 
increases above this point, more of the mode leaks into the post region as shown in Figure 
5.5(g).  The quality factors of the mode at λ=472nm are found to stay relatively the same 
until a post radius of 750nm and then begin to sharply decrease for larger radii posts.  The 
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calculated quality factor for the ZnO microdisk with the 750nm post seems to be an anomaly 
and has a large error.  Therefore, this quality factor value was mostly discounted.   
Post Radius Quality Factor 
0nm 167,882 +/- 675.9 
250nm 166,563 +/- 942.2 
500nm 167,125 +/- 944.2 
750nm 391,778 +/- 10,452.9 
850nm 59,745.9 +/- 34.9 
975nm 19,8876 +/- 4,409 
Table 5.1: Quality factors for 250nm thick, 1µm radii ZnO microdisks on 500nm thick posts 
of varying radii. 
 The optical confinement in these circular microdisks on posts can be achieved with 
relatively large posts due to the difference in the effective refractive index of the post region 
versus the microdisk.  As the post radius increases, the effective refractive index of the post 
region approaches that of the microdisk causing leaking of the optical mode from the 
microdisk into the post and lowers the quality factor.  To fabricate circular ZnO microdisks 
using the aqueous growth method, very short growth times are required as to not allow the 
ZnO enough time to form into the usual hexagonal shape.  We have found that at these 
relatively short growth times the amount of undercut achieved is very small and significant 
leaking of the light into the post region would occur based on simulated values. 
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Figure 5.5: Cross-section FDTD simulations of 250nm thick circular ZnO microdisks on 
500nm tall posts with radii (a) 250nm, (c) 750nm, (e) 850nm, and (g) 975nm.  (b), (d), (f), 
and (h) are the corresponding top-down view of the simulations shown in (a), (c), (e), and (g) 
respectively. 
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 On the other hand, crystallographically smooth hexagonal structures can easily be 
fabricated as shown in Figure 5.6.  While these hexagonal structures have smooth, vertical 
sidewalls, they are typically several microns tall and therefore will not be able to produce 
optical confinement in the vertical direction.  Sodium citrate is included in the growth 
solution to slow down the growth in the vertical direction as shown in Chapter 4 however, 
the vertical growth could not be slowed down enough to produce ~250nm-500nm tall 
structures with suitable undercuts.  Figure 5.7 is a FDTD simulation of the cross-section of 
two circular microdisks of different heights showing the optical confinement achieved for a 
0.25µm and 1µm thick circular microdisk at a wavelength of 402nm and 383nm respectively.  
The 0.25µm tall microdisk has only one whispering gallery mode in the vertical direction that 
is well confined to the outer part of the disk.  The 1µm tall microdisk, on the other hand, has 
poor vertical confinement with multiple lobes in the vertical direction, which can lead to 
lower quality factors. 
 
Figure 5.6: ZnO “microdisk” structure grown for 4 hours through a hexagonal mold.  The left 
SEM image is taken perpendicular to the substrate and the right image is at a 6.5° angle.   
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Figure 5.7: Cross-section FDTD simulation of (a) 0.25µm tall circular microdisks at 402nm 
and of (b) 1µm tall circular microdisks at 383nm. 
 Optical measurements were performed on structures such as those shown in Figure 
5.6 however, modes were not observed.  While this is in part due to the height of the 
structures grown, it has been shown that modes are still present in thicker structures.  It is 
therefore believe that the hexagonal shape of the ZnO devices severely limits the modes 
confined in the cavity.   To thoroughly investigate the modes and quality factors of the modes 
expected in microdisks with different number of sides, FDTD simulations were performed as 
shown in Figure 5.8.  All microdisks in Figure 5.8 are 0.25µm tall and have a radius of 1µm.  
The quality factors of the microdisks increase as the number of sides of the microdisks 
increase.  This is expected, as the limit of increasing the number of sides of a geometric 
shape is a circle.  It is also noted that while the hexagonal microdisk is able to confine light at 
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certain wavelengths, the quality factor of such modes is very low.  In the mode profile of the 
hexagonal microdisk, one can see significant leaking of the light from the microdisk leading 
to the low quality factor of approximately 200.  A ZnO microdisk with 8 sides however 
shows an almost 5 times improvement in the quality factor, and a microdisk with 10 sides has 
a quality factor of approximately 1400.   
 
Figure 5.8: FDTD simulations of the mode profiles in ZnO microdisks with different number 
of sides.  The wavelength of the mode and the quality factor are also reported for each 
microdisk.  All microdisks are 250nm thick and have a radius of 1µm. 
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 Due to the height and hexagonal shape of the ZnO microdisk structures, as well as the 
amount of undercut that can be obtained for the shortest, most circular structures, it is 
concluded that our aqueous growth method is not the ideal fabrication method to produce 
high quality ZnO microdisks.  While it is possible that altering the growth solution and 
growth time may be able to produce more circular structures, the height of such structures is 
still more than the ideal height for typical microdisks.   
 
5.4 Ring Structures 
 Similar to microdisk resonators, ring resonators confine light due to total internal 
reflection at the boundary of the ring and often air.  One can think of a ring resonator as a 
waveguide that has its two ends brought together.  Modes will be supported in the structure 
when the wavelength of the light is equal to the optical path length in the ring.  Ring 
resonators have been fabricated in many material systems including silicon and III-V 
materials [206], [207].  These structures have been used as filters, biosensors, and lasers due 
to their ability to effectively confine light at specific frequencies [208]–[211].  Circular ring 
structures have shown quality factors on the order of 105, which is higher than quality factors 
measured in microdisk resonators.  For many applications ring resonators are only useful if 
they can be coupled to another device or structure.  In this work the investigation is restricted 
to only consider the fabrication of the ring itself and the possibility of modes being supported 
in the structures.   
 ZnO ring structures were fabricated in a similar manner to the ZnO microdisks in the 
previous section.  A base layer of ZnO was grown and electron-beam resist was used as a 
mold for the growth.  Triangular, circular, and hexagonal rings of various shapes and sizes 
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were patterned in the resist.  The single crystalline ZnO was then grown through this mold 
and overgrown to produce the ring structures.  Figure 5.9 shows ZnO ring structures grown 
for 2.25 hours through triangular ring openings of different thicknesses.  The edges of the 
triangular molds were aligned with the m-planes of the ZnO in the base layer, which 
therefore resulted in triangular ZnO ring structures.  While these structures will not make 
good resonators they do provide additional insight into the growth of ZnO through 
constrained molds.   
 
Figure 5.9: Triangular ZnO rings grown for 2.25 hours through (a) r =1.5µm, (b) r= 1.0µm, 
(c) r= 0.5µm, and (d) r= 0.25µm ring openings outlined by the black dashed lines.  
As seen in Figure 5.9(a), if the thickness of the patterned ring is large enough the ZnO in the 
center of the triangular ring coalesces without any indication that the material grew together.  
In addition, the inside edges of the ZnO structures form triangles instead of the usual 
hexagons seen with ZnO.  The outside edges of the structure are hexagonal as seen in 
previous chapters with growth through triangular molds. 
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 Hexagonal and circular rings of different thicknesses were also patterned in the e-
beam resist and ZnO was grown through the molds for 2.25 hours.  The resulting structures 
are shown in Figure 5.10 and Figure 5.11 respectively.  Again for the rings with r=1.5µm, the 
ZnO coalesces in the center with no indication that the overgrown ZnO grew from ring 
patterns.  The shape of the overgrown, unconstrained material is determined by the rate of 
growth of different crystalline planes of ZnO.  The growth outward from the ring molds 
results in the typical hexagonal shape due to the slow growing m-planes of ZnO.  The growth 
inward from the ring mold, resulting in the inner facets, however, results in a 30° rotation 
with respect to the outer facets of the structures.  This rotation between the inner and outer 
facets can most clearly be seen in the structures grown through the thinnest ring molds, 
Figure 5.10(d) and Figure 5.11(d).  The inner facets are defined by the faster growing (1120) 
a-planes of ZnO due to the shrinking of a void.  This is the first report of ZnO growth from 
patterned openings resulting in ring structures where the inward and outward growth of the 
material can be studied.  Previously, Jindal et al. simulated the expected growth shapes of 
GaN grown through circular ring openings at various times and compared them to actual 
GaN structures grown using a selective area growth technique.  GaN and ZnO have the same 
crystalline structure and one would expect similar results from growth through circular ring 
molds in each case.  The results reported here are in good agreement with Jindal et al.’s 
findings that the outer growth front results in six (1101) planes and that the inner growth 
front results in six (1121) planes [212].   
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Figure 5.10: Hexagonal ZnO rings grown for 2.25 hours through (a) r =1.5µm, (b) r= 1.0µm, 
(c) r= 0.5µm, and (d) r= 0.25µm hexagonal ring openings outlined by the black dashed lines.  
The distance from the center of the patterned ring to the vertex of the outer hexagon is equal 
to 2.0µm. 
 
Figure 5.11: Hexagonal ZnO rings grown for 2.25 hours through (a) r =1.5µm, (b) r= 1.0µm, 
(c) r= 0.5µm, and (d) r= 0.25µm circular ring openings outlined by the black dashed lines. 
The outer ring radius is equal to 2.0µm. 
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 Focused ion beam milling was used to cut the grown ZnO ring structures in half to 
image the cross-sectional profile.  Scanning electron microscopy images of the ZnO 
structures grown for 2.25 hours through hexagonal ring molds with r = 1.5µm, 1.0µm, 0.5µm, 
and 0.25µm are shown in Figure 5.12.  Similar cross-section images were taken of ZnO 
grown through circular ring molds as shown in Figure 5.13. 
 
Figure 5.12: SEM images of focused ion beam cut ZnO structures grown for 2.25 hours 
through (a) r =1.5µm, (b) r= 1.0µm, (c) r= 0.5µm, and (d) r= 0.25µm hexagonal ring 
openings. 
All of the single crystalline ZnO ring structures grown for 2.25 hours have a height of 
approximately 1.3µm.  In Figure 5.12(a) and Figure 5.13(a) where the largest (r=1.5µm) ring 
was patterned in the e-beam resist the overgrown single crystalline ZnO still shows no signs, 
such as defects, of where it joined together during the growth process.  The outer facets of all 
of the structures are vertical, however, the interior facets in some cases appear to be slanted.  
While the exact cause of these tilted interior facets is still under investigation, it is believed 
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that they may be due to insufficient flow of the growth solution in these small regions during 
the growth processes.  
 
Figure 5.13: SEM images of focused ion beam cut ZnO structures grown for 2.25 hours 
through (a) r =1.5µm, (b) r= 1.0µm, (c) r= 0.5µm, and (d) r= 0.25µm circular ring openings. 
  In order to fabricate more circular ZnO ring structures, circular rings were patterned 
in e-beam resist with a variety of outer radii ranging from 3µm to 10µm.  All rings were 
patterned with a thickness of 250nm.  Top-down SEM images of the ZnO structures are 
shown in Figure 5.14.  The larger ZnO ring structures appear to have slightly more rounded 
corners than the smaller radii structures however; a clear hexagonal shape for both the 
interior and exterior facets of the rings is observed.  When fabricating optical devices it is 
important to have control over both the size and shape of the device being fabricated.  
Changing the radius of the ZnO ring structure changes the wavelength of the mode supported 
in the cavity.  Therefore, depending on the application of the device a wide range of different 
sized resonators may be needed.    
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Figure 5.14: SEM image of single crystalline ZnO ring structures grown for 2.25 hours 
through circular rings patterned in PMMA.  Outer ring radii ranged from 3.0µm (upper left) 
to 10.0µm (lower right).  The thickness of the patterned rings is equal to 250nm. 
 Similar to the ZnO microdisks in the previous chapter, the height of these ring 
structures along with the hexagonal shape limits their usefulness for optical resonators due to 
the low quality factors of modes in the structures.  The fabrication of the ZnO ring structures 
is however, important to further understand the capabilities of the aqueous ZnO growth 
method in this work.  ZnO grown through larger ring shaped molds coalesce into smooth 
overgrown structures without any indication of where the material grew together.  In 
addition, these ring structures allowed for the study of ZnO growth both outward and inward 
from the patterned ring mold.   
 
5.5 Photonic Crystals  
 In a crystalline material, the atoms are arranged in a periodic fashion referred to as the 
crystalline lattice.  An electron moving in this crystalline lattice will experience a periodic 
 98 
potential due to the repeating structure of the crystal.  These electrons will propagate through 
the crystal as waves, known as Bloch waves.  The relationship between the momentum and 
energy of electrons in a Bloch wave is known as the dispersion curve.  Not every 
combination of momentum and energy is allowed, as there are some ranges of energy for 
which no propagating Bloch waves exist.  This range of energies is known as the bandgap, 
which manifests itself as a range of energies in which no electron states exist.   
 The optical analogy of electrons moving through a crystal is photons moving through 
a periodically engineered material, known as a photonic crystal.  Photonic crystals can be 
fabricated in one dimension, two dimensions, or three dimensions, as shown in Figure 5.15 
[35].  Stacking alternating layers of thin dielectric materials with different refractive indices 
can create one-dimensional photonic crystals.  Two-dimensional photonic crystals can be 
fabricated by etching a 2D pattern of holes in a slab of dielectric material or by making rods 
of dielectric material into a 2D pattern.  Three-dimensional photonic crystals, which it is no 
surprise have proven to be the most difficult to fabricate, have been formed in several ways.  
One such method used multiple iterations of etching and material deposition to fabricate a 
“woodpile” structure of silicon rods in air [213].  The designed periodicity in all of these 
structures is what interacts with the light.   
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Figure 5.15: Examples of periodic structures in one, two, and three dimensions suitable for 
use as photonic crystals. 
 For a one-dimensional photonic crystal, as shown in Figure 5.16, the reflectivity will 
be highly wavelength dependent for light incident perpendicular to the periodic layers.  This 
high degree of wavelength selectivity is due to the interference between waves that are 
reflected from each interface as the light propagates through the crystal.  When reflections 
from successive interfaces constructively interfere the structure exhibits a high reflectivity.  
The wavelength at which this occurs is highly dependent upon the thickness and refractive 
index of each layer.  This is because the phase difference between successive reflected waves 
is given by ! = !!! 2!" where l is the layer thickness and n is the refractive index.  When the 
layer thickness, l, is equal to an integer multiple of !!! , the phase difference is 2π and the 
Bragg criteria is satisfied such that constructive interference occurs.   
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Figure 5.16: One-dimensional photonic crystal formed from alternating layers of material 
with refractive indices n1 and n2.  The spatial period of the structure is a. 
 Similar to the bandgap for electrons in crystals, photonic crystals form optical 
bandgaps.  The photonic bandgap in a photonic crystal is the range of energies at which 
electromagnetic waves are not able to propagate.  In the one-dimensional photonic crystal in 
Figure 5.16, electromagnetic waves that meet the Bragg criteria will be highly reflected from 
the photonic crystal and therefore will not propagate through it forming the photonic 
bandgap.    
 Often 2D photonic crystals designed with a defect in the bandgap are fabricated and 
have been shown to have large quality factors and small modal volumes [214], [215].  
Photonic crystal cavities without defects, based on band edge modes, have also been shown 
to have large quality factors and have been used for several applications [216].  Band edge 
modes, as the name suggests, are located at the edge of the photonic bandgap of a photonic 
crystal.  These modes are of interest because at the band edge the group velocity of the 
propagating states approaches zero.  In addition, it has been shown that certain geometric 
patterns of pillars can confine photons via internal total reflection [216], [217].  Therefore, 
photons with certain energies inside the photonic crystal can constructively interfere and 
form band edge modes 
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 There are two types of 2D photonic crystal cavities: two-dimensional array of holes in 
a dielectric slab and two-dimensional array of dielectric pillars.  2D slab photonic crystals 
with holes etched into the dielectric material have been fabricated in several materials 
systems including GaAs and silicon [218]–[220].  ZnO however, is difficult to etch and our 
aqueous growth technique lends itself well to tall pillar structures.  These high aspect ratio 
pillars made into photonic crystals, which are difficult to form in most material systems using 
top-down approaches, have the possibility to be used as filters, waveguides, and cavities.  
Such photonic crystal devices have been fabricated in many types of materials systems [221], 
[222].  The ability to create such high aspect ratio ZnO pillar photonic crystals using a 
constrained aqueous growth method is promising for the development of high quality 
waveguides for low-loss bending of light and filters for careful wavelength selection in 
devices.  In addition, ZnO pillar photonic crystals can also be used to make cavity structures, 
as simulated later in this chapter.  In cavities it is often desirable for the maximum of the 
mode to couple to an emitter.  ZnO has shown potential for use in optical cavities, as it may 
be possible to implant optically active defects into the material, which can then couple to the 
cavity [223].  Given the numerous applications of pillar structures, this work focuses on 2D 
pillar photonic crystals.  Several groups have fabricated 2D pillar photonic crystals out of 
various materials including ZnO [43], [216], [224], [225].  
 In this section two-dimensional single crystalline ZnO pillar photonic crystals are 
simulated using FDTD software and fabricated using the aqueous, constrained growth 
method.  Square arrays of ZnO pillars are grown through patterned holes in e-beam PMMA 
resist as shown in Figure 5.17.  The radius of the ZnO pillars as well as the spacing between 
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the pillars, the pitch, can be easily be modified by changing the radius of the holes patterned 
in the PMMA and the spacing between the holes respectively.  
 
Figure 5.17: Fabrication steps for making ZnO single crystalline pillar photonic crystals.  (1) 
ZnO is nucleated onto cleaned MgAl2O4 substrates.  (2) Base layer of ZnO grown.  (3) 
PMMA resist is spun on the sample and square array of holes is patterned into the resist 
using e-beam lithography.  (4) Sample placed in ZnO growth solution for desired amount of 
time to form pillars.  (5) PMMA is removed from the sample. 
 The band structure for several ZnO photonic crystals consisting of 50nm-100nm 
radius pillars each with a pitch of 250nm is shown in Figure 5.18.  The band structure for 
each photonic crystal is calculated using FDTD simulations that assume both infinitely long 
ZnO pillars and an infinite number of repeating pillars in both the x and y directions.  The 
infinite lateral extent is included in the simulations by use of periodic boundary conditions.  
The important parameter in these photonic crystals is the ratio of the pillar radius to pitch 
distance.  This radius to pitch value will often be referred to in this work.  In Figure 5.18 the 
radius to pitch (r/a) values are 0.2, 0.24, 0.28, 0.32, 0.36, and 0.4.  The y-axis of the band 
structure plots is given as a normalized frequency because each r/a value produces the same 
band structure regardless of the actual radius and pitch of the photonic crystal.  Changing the 
radius and pitch values, but keeping the r/a value the same, shifts the wavelength at which the 
band structure is seen.   
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 In this work only TM modes were simulated and the lowest band edge mode in the 
M-direction of the crystal was studied.  In Figure 5.18 the light lines for air, the spinel 
(MgAl2O4) substrate, and ZnO are shown as black, blue, and green lines respectively.  A 
mode will more easily couple to a material if the mode lies above the light line.  For all of the 
band structures in Figure 5.18, the band edge mode of interest (M-direction) is far below the 
vacuum light line and therefore will not couple to the air above the pillars.  In Figure 5.18(a 
and b) the band edge mode also lies above the light line for the spinel substrate and 
significant leaking of the mode into the substrate would be expected in these cases.  Ideally, 
the mode should lie above the light line for ZnO and below the light line for spinel so that the 
mode will be concentrated in the pillar region.   
 
Figure 5.18: Band structure diagrams for 2D ZnO pillar photonic crystals with (a) r=50nm, 
(b) r=60nm, (c) r=70nm, (d) r=80nm, (e) r=90nm, and (f) r=100nm.  The pitch of the pillars 
in all of the simulations was a=250nm.  The black, blue, and green lines are the light lines for 
air, spinel, and ZnO respectively. 
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Figure 5.19: 2D FDTD simulations of 9x9 ZnO pillar photonic crystals in air.  For all 
simulations a=250nm.  (a) Plot of the wavelength of the mode versus r/a.  (b) Plot of the 
quality factor versus r/a.  (c) Plot of the band edge mode profile at λ=662.5nm of a photonic 
crystal with r=80nm and a=250nm. 
Two-dimensional FDTD simulations of a 9x9 square array of circular pillars in air for 
a range of r/a values are shown in Figure 5.19.  For these simulations the pitch was fixed at 
250nm.  As this is a 2D simulation, the pillars can be thought of being infinitely long. Figure 
5.19(a) shows a plot of the wavelength of the band edge mode as the radius of the pillars is 
varied.  A red shift in the wavelength of the mode is observed with increasing r/a values.  The 
quality factor of the mode was calculated for the different photonic crystal arrangements and 
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can be seen in Figure 5.19(b).  For small r/a values (0.2) and large r/a values (0.46) the 
quality factor is quite low, ~500 and ~1500 respectively.  There is however a small range of 
r/a values centered at about 0.32 where the quality factor is found to be approximately 4500. 
Figure 5.19(c) shows the mode profile of the band edge mode for the photonic crystal with 
r=80nm and a=250nm.  The band edge mode is spread out over the entirety of the pillars with 
the strongest intensity in the center of the array and decays towards the edges of the photonic 
crystal.   
 
Figure 5.20: 2D FDTD simulations of (a) the wavelength and (b) the quality factor of the 
band edge mode in ZnO pillar photonic crystals (r=80nm, a=250nm) in air with changing 
array size. 
 While the simulations in Figure 5.19 were for a 9x9 array of circular pillars, the effect 
of increasing the size of the array is shown in Figure 5.20.  The photonic crystals simulated 
in Figure 5.20 had a radius of 80nm and pitch of 250nm.  Increasing the size of the array 
causes a small change in the wavelength at which the band edge mode occurs.  More 
significantly however, is the dramatic increase in the quality factor of the mode with 
increasing array size.  When more pillars are added to the photonic crystal array one can 
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think of this as adding additional mirrors to a cavity due to the total internal reflection that 
takes place in the square array pillar photonic crystal.  It is therefore expected that increasing 
the size of the array will lead to light being more easily confined in the photonic crystal 
resulting in higher quality factors.  For a 17x17 array of infinitely tall ZnO pillars, the quality 
factor was found to be approximately 130,000.  Figure 5.21 shows the mode profiles for the 
9x9, 13x13, and 17x17 arrays of ZnO pillars.  The mode profiles spread out across the array 
of pillars regardless of how large the array is.  
 
Figure 5.21: Mode profiles of the band edge mode in (a) 9x9, (b) 13x13, and (c) 17x17 arrays 
of infinitely tall, circular ZnO photonic crystals in air where r=80nm and a=250nm.  The 
mode profiles are at λ=662.5nm, λ=657.0nm, and λ=654.6nm respectively. 
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 The 2D simulations of the ZnO photonic crystals give an idea of the modes and 
quality factors of the modes that would be expected in the devices.  Real devices however, 
are not infinitely tall and it is therefore more accurate to simulate 3D structures. Figure 5.22 
compares the results obtained using 2D, infinitely tall pillars previously shown in Figure 
5.19, to 3D fixed aspect ratio pillars.  The aspect ratio of a pillar is defined as the height of 
the pillar divided by its width.  For the 3D simulations the aspect ratios of the pillars were 
fixed at 20 and the pitch was 250nm.  The wavelengths and quality factors of the modes for 
the different r/a values match very well between the 2D and 3D simulations.  Therefore, ZnO 
photonic crystals with pillar aspect ratios of 20 can be accurately simulated using less 
computationally demanding 2D simulations.   
 
Figure 5.22: Comparison between 2D and 3D FDTD simulations of circular pillar ZnO 
photonic crystals in air.  (a) Plot of the wavelengths versus r/a.  (b) Plot of the quality factors 
versus r/a.  All photonic crystals had a pitch of 250nm and pillars in the 3D simulations had 
fixed aspect ratios of 20.   
 Top-down fabrication of high aspect ratio pillars is difficult and often leads to 
structures with non-vertical etch profiles.  While the aqueous ZnO growth technique is ideal 
for the fabrication of high aspect ratio structures, simulations were performed to determine 
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the aspect ratios of the pillars needed in photonic crystals to achieve cavities with the highest 
quality factors.  Figure 5.23(a) shows the wavelength of the band edge mode in 9x9 arrays of 
ZnO photonic crystals with pillar aspect ratios ranging from 2 to 20.  In photonic crystals 
with a pitch of 250nm, pillar aspect ratios between 2 and 20 correspond to pillars with 
heights between 3.2µm and 0.32µm.  Figure 5.23(b) shows the corresponding quality factors 
for the band edge mode in each of the photonic crystals.  Photonic crystals containing pillars 
with aspect ratios of approximately 10 and above have similar mode quality factors to the 
corresponding 2D infinite pillar photonic crystals simulated.  Decreasing the aspect ratio of 
the pillars in these cavities has a significant effect on both the wavelength of the mode and 
the quality factor as seen in Figure 5.23.  As is clear from Figure 5.23(a), the wavelength of 
the mode can change by almost 100nm depending on the aspect ratio of the pillars in the 
photonic cavity.  Figure 5.23(b) shows that while photonic crystals containing pillars with 
aspect ratios between 10 and 20 have quality factors around 4000, photonic crystals with 
pillars with an aspect ratio of 2 have a quality factor of about 600.   
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Figure 5.23: FDTD simulations of 9x9 arrays of circular ZnO pillar photonic crystals with 
aspect ratios ranging from 2 to 20.  (a) Plot of the wavelength of the band edge mode versus 
the aspect ratio of the pillars in the photonic crystal.  (b) Plot of the quality factor of the 
modes versus the aspect ratio of the pillars in the photonic crystal.  All photonic crystal 
pillars had r=80nm and a=250nm (r/a=0.32). 
 Cross sections of the mode profiles in ZnO pillar photonic crystals with pillar aspect 
ratios of 20, 14, 8, and 6 are shown in Figure 5.24.  In these photonic crystals with r=80nm 
and a=250nm this corresponds to pillars with heights of 3.2µm, 2.24µm, 1.28µm, and 
0.96µm.  In the cavities with higher aspect ratio pillars, it is evident from the mode profiles in 
Figure 5.24 that the mode is contained in the pillars.  As the aspect ratio is decreased, the 
mode begins to leak from both ends of the pillars leading to the lower quality factors.  While 
this series of simulations varied only the aspect ratios, the observed trend of quality factor 
with aspect ratio also applies to photonic crystals with pillars of other radii and pitches.  
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Figure 5.24: Cross-section mode profiles, taken through the center of the device, of circular 
ZnO pillar photonic crystals with pillar aspect ratios of (a) 20, (b) 14, (c) 8, and (d) 6 at 
λ=662.5nm, λ=658.4nm, λ=649.5nm, and λ=641.0nm. All of the photonic crystals were 9x9 
arrays of 80nm radius pillars with a pitch of 250nm.   
 The crystalline structure of ZnO leads to growth of predominately hexagonal shapes 
as seen throughout this chapter.  Unconstrained growth of ZnO photonic crystal pillars will 
therefore also have a hexagonal shape.  Three-dimensional simulations of hexagonal ZnO 
pillar photonic crystals in air with pillar aspect ratios equal to 20 and a pitch of 250nm are 
shown in Figure 5.25.  The radius for hexagonal structures was measured as shown in the 
inset of Figure 5.25(a).   Similar to the circular pillar photonic crystals, a shift in the 
wavelength of the band edge mode with r/a value is observed.  In addition, the quality factor, 
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as can be seen in Figure 5.25(b), has a maximum value of 4260 for pillars with a radius to 
pitch of 0.36.  Changing the r/a value from 0.36 results in a drop in the quality factor.  The 
wavelength of the mode can however be shifted, while maintaining the high quality factor, by 
fixing the r/a value to 0.36 and adjusting the absolute radius and pitch values. The quality 
factors found by simulations for both circular and hexagonal pillar photonic crystals are quite 
close due to the similar amounts of material making up the pillars in both cases.  
 
Figure 5.25: FDTD simulations of three-dimensional, hexagonal ZnO pillar photonic crystals 
in air consisting of 9x9 pillars.  Pillar aspect ratios= 20 and a=250nm.  (a) Plot of wavelength 
versus r/a values.  The insert shows how the radius was measured for the hexagonal pillars.  
(b) Plot of the quality factor versus r/a pillar values. 
 Hexagonal pillar photonic crystal cavities in air were further studied by simulating the 
change in both the expected wavelength and quality factor for different pillar aspect ratios.  
Figure 5.26 compares the wavelength and quality factors simulated for circular and 
hexagonal pillar 9x9 square array cavities with r/a=0.32.  The two different shaped pillars 
show similar trends for both the mode wavelength and quality factor.  A dramatic drop in the 
quality factor for photonic crystals was observed for pillar aspect ratios smaller than 8.  The 
slightly lower wavelength and quality factors for the hexagonal pillars are attributed to the r/a 
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value of 0.32 used in these simulations, which is ideal for the circular pillars, instead of a r/a 
value of 0.36, which is ideal for hexagonal pillars.   
 
Figure 5.26: FDTD simulations of ZnO photonic crystals consisting of a 9x9 array of pillars 
with r=80nm and a=250nm.  Comparison of the (a) wavelength and (b) quality factors versus 
pillar aspect ratios for photonic crystals consisting of circular and hexagonal pillars.   
  The simulations presented so far have all been of photonic crystals surrounded by air.  
While these simulations give an idea of the cavity behavior they are not entirely realistic, as 
the pillars making up the photonic crystal need to be grown on a substrate.  The substrate 
used for ZnO growth is spinel (MgAl2O4) with a refractive index of 1.7.  Simulations of 
photonic crystals consisting of a 9x9 array of circular ZnO pillars, with a=250nm, on a thick 
spinel substrate are shown in Figure 5.27.  A similar shift in the wavelength of the band edge 
mode versus r/a pillar value is observed as with the photonic crystals suspended entirely in 
air.  The most significant change however, can be seen in Figure 5.27(b).  A maximum 
quality factor of ~2700 is found for a photonic crystal on a spinel substrate compared to a 
maximum quality factor of ~4300 for a photonic crystal suspended in air.  The r/a value at 
which this largest quality factor in the devices occurs also shifts from 0.32 for pillars in air to 
0.36 when the pillars are on a spinel substrate.  A more accurate comparison is to look at the 
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simulated quality factor for a fixed r/a value in both cases.  Throughout the remainder of this 
chapter, all photonic crystals consisting of circular pillars will have r=90nm and a=250nm 
(r/a=0.36), as this was found to be the optimal ratio for the devices on a substrate.  The 
quality factors of the circular pillar photonic crystals in air and on spinel, with r/a=0.36, are 
~3400 and ~2700 respectively.   
 
Figure 5.27: FDTD simulations of three-dimensional, circular ZnO pillar photonic crystals on 
a thick spinel substrate consisting of 9x9 pillars.  Pillar aspect ratios= 20 and a=250nm.  Plots 
of (a) wavelength and (b) quality factor versus r/a pillar values. 
 
Figure 5.28: FDTD simulations of ZnO photonic crystals on spinel consisting of a 9x9 array 
of circular pillars with r=90nm and a=250nm.  Plot of (a) the wavelength and (b) the quality 
factor versus pillar aspect ratios for the photonic crystals.   
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 The aspect ratio of the circular pillars forming the photonic crystals on spinel 
substrates was varied to study the effect on the band edge mode wavelength and quality 
factor, as shown in Figure 5.28.  In Figure 5.28(a) it can be seen that the wavelength at which 
the mode in the photonic crystal occurs stays relatively the same as the aspect ratio of the 
pillars is varied.  Only at the smallest aspect ratio simulated is there a significant (~50nm) 
change in the band edge mode wavelength.  As can be seen in Figure 5.28(b), the quality 
factor of the mode however, decreases as the aspect ratio of the pillars forming the photonic 
crystal decreases.  Photonic crystals consisting of pillars with aspect ratios of 20 have quality 
factors of ~2700, while photonic crystals consisting of pillars with an aspect ratios of 6 have 
a quality factor of ~1200.   
 Mode profiles of the x-z cross-sections of the photonic crystals are shown in Figure 
5.29 with pillar aspect ratios of 20, 14, and 6, corresponding to pillar heights in this specific 
case of 3.6µm, 2.52µm, and 1.08µm respectively.  In all of the mode profiles, leaking of the 
mode into the spinel substrate is observed, as is expected given the decrease in the quality 
factor for photonic crystals on spinel.  Photonic crystals formed of pillars with smaller aspect 
ratios show more leakage of the mode into the spinel substrate than pillars with larger aspect 
ratios.  It is therefore important for photonic crystals grown on spinel substrates to have 
pillars with as large aspect ratios as possible to observe the most well-confined modes.   
 Growth of ZnO structures directly onto spinel (MgAl2O4) substrates has proven to be 
quite difficult.  Therefore, a thick base layer of single crystalline ZnO is grown on top of the 
spinel substrate to aid in device growth.  Results from simulations of circular pillar photonic 
crystals (r=90nm, a=250nm, and aspect ratio=20) with different ZnO base layer thicknesses 
between 2µm and 50nm are shown in Figure 5.30.  Changing the thickness of the base layer 
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has little effect on the wavelength at which the mode occurs.  In addition, the quality factor 
of photonic crystals consisting of pillars on a base layer of ZnO is found to stay the same, 
between about 650-750 for most ZnO base layer thickness.  Only when the base layer is 
50nm thick does quality factor increase to ~1800.   
 
Figure 5.29: Cross-section mode profiles, taken through the center of the device, of circular 
ZnO pillar photonic crystals on a thick spinel substrate with pillar aspect ratios of (a) 20, (b) 
14, and (c) 6 at λ=685.7nm, λ=683.9nm, and λ=681.4nm respectively. All of the photonic 
crystals were 9x9 arrays of 90nm radius pillars with a pitch of 250nm.  The black line 
indicates the upper boundary of the spinel substrate. 
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Figure 5.30: FDTD simulations of three-dimensional, circular ZnO pillar photonic crystals on 
a ZnO base layer on top of a thick spinel substrate. Plots of (a) wavelength and (b) quality 
factor versus ZnO base layer thickness.  Photonic crystals consist of 9x9 array of pillars with 
pillar radius= 90nm and pitch= 250nm. 
 To further investigate the effect of growing the ZnO pillars directly on the ZnO base 
layer, cross-section photonic crystal mode profiles were simulated for ZnO base layer 
thicknesses of 2µm and 50nm, as shown in Figure 5.31.  The photonic crystals in both cases 
are identical.  Significant leaking of the mode into the ZnO base layer is apparent for both 
base layer thicknesses. When the base layer is 2µm thick, shown in Figure 5.31(a), most of 
the mode leaks directly into the ZnO base layer region and very little into the spinel 
substrate.  In Figure 5.31(b) where the base layer is only 50nm thick, the mode leaks into the 
thin base layer as well as the spinel substrate.  This case more closely approximates the 
scenario where the pillars are placed directly onto the spinel substrate and therefore, as is 
observed, the quality factor is higher.  Placing the photonic crystal structure directly onto the 
ZnO base layer dramatically reduces the quality factor.  Even on a 50nm thick base layer, the 
quality factor is reduced by a third compared to the case of a photonic crystal placed directly 
on spinel.   
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Figure 5.31: ZnO photonic crystal (r=90nm, a=250nm, aspect ratio=20, and 9x9 array of 
pillars) cross-sections showing mode profiles for pillars grown on a (a) 2µm and (b) 50nm 
ZnO base layer.  The cross section is taken through the center of the device.  The base layer 
is simulated on top of a thick spinel substrate.  ZnO base layer and spinel substrate regions 
are denoted with the black lines.  
 The fabrication of 50nm ZnO base layers using our aqueous growth method is not 
possible and therefore, alternative methods to increase the quality factors of the devices are 
needed.  Increasing the number of pillars in the photonic crystal array was previously shown 
to increase the quality factor of the device.  Only a small improvement in the quality factor is 
observed in photonic crystals consisting of more pillars as shown in Figure 5.32.  Even when 
the pillar array size is increased to as high as 18x18, the quality factor of the simulated 
photonic crystal is ~850.  Therefore, fabricating ZnO pillar photonic crystals directly on the 
ZnO base layer is not a viable option for a high quality factor ZnO cavity.   
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Figure 5.32: FDTD simulations of the (a) wavelength and (b) quality factor of three-
dimensional circular pillar photonic crystals of different array sizes.  All photonic crystals 
consisted of pillars with r=90nm, a=250nm, and aspect ratio=20.   
 One of the main advantages of our growth technique for the fabrication of photonic 
crystals is the ability to constrain the ZnO growth for a region and then allow the material to 
grow unconstrained.  Pillars grown directly on the ZnO base layer are not ideal for photonic 
crystals as seen in Figure 5.30 and Figure 5.31.  If however, the constrained growth region 
forms a post for the ZnO pillars, as shown in Figure 5.33, much higher quality ZnO photonic 
crystals are possible.   
 
Figure 5.33: Schematic drawing from the side of a ZnO photonic crystal with each pillar of 
the crystal on a ZnO post.  The posts are on top of a ZnO base layer and spinel substrate. 
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 Figure 5.34 shows the simulated quality factors for ZnO circular pillar photonic 
crystal cavities with different post radii.  A 1µm thick base layer of ZnO on top of a thick 
layer of spinel was used as the substrate.  The circular posts had radii between 20nm and 
90nm, heights of 500nm, and a pitch of 250nm.  The circular pillars had radii of 90nm, a 
pitch of 250nm, and aspect ratios equal to 20.  The simulated quality factors (~3400) of the 
photonic crystal remain relatively unchanged for devices with post radii between 20nm and 
70nm.  In addition, these quality factors are the same as those measured for circular pillars in 
air, indicating that placing the pillars on posts allows for devices with the best quality factors 
possible.  Increasing the post radius to 80nm causes a slight decrease in the quality factor to 
~2900 however, this is still greater than the quality factors simulated for pillar photonic 
crystal cavities on spinel or ZnO base layers.  The large decrease in the quality factor of the 
photonic crystal with post radii equal to 90nm, which is also the pillar radii, is due to the fact 
that the simulation is of a photonic crystal directly on a base layer.  
 
Figure 5.34: FDTD simulations of the quality factor of ZnO pillar photonic crystals on ZnO 
posts with different post radii.  The circular posts were 500nm tall and with a pitch of 250nm. 
The pillars were circular with r=90nm, a=250nm, and aspect ratio=20.  The substrate for the 
simulations was a 1µm thick base layer of ZnO on top of a thick layer of spinel. 
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 Cross-section mode profiles in the x-z direction through the center of the ZnO pillar 
photonic crystals are shown in Figure 5.35 for post radii equal to 30nm, 50nm, 70nm, and 
80nm.  The pillar, post, base layer, and spinel substrate layer are indicated on each mode 
profile image.  In Figure 5.35(a) and Figure 5.35(b) where the post radii are 30nm and 50nm 
respectively, the band edge mode is highly confined to the pillar region.  When the post 
radius is equal to 70nm, as seen in Figure 5.35(c), some of the mode is beginning to leak into 
the post regions of the structure.  Increasing the post radius further to 80nm, as shown in 
Figure 5.35(d), causes significant leaking of the mode into the ZnO posts and base layer, 
therefore causing the decrease in quality factor observed.  These simulations indicate that 
high quality factor ZnO photonic crystals can be fabricated by placing the pillars on posts.  In 
addition, the difference in the radius between the posts and pillars can be as small as 10nm to 
20nm to still have a photonic crystal with a well-confined band edge mode.   
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Figure 5.35: FDTD ZnO photonic crystal cross-section mode profiles at λ=685.6nm for 9x9 
array of pillars grown on posts with (a) post radius=30nm, (b) post radius=50nm, (c) post 
radius=70nm, and (d) post radius=90nm.  The cross section is taken through the center of the 
device.  The ZnO pillars have r=90nm, a=250nm, and aspect ratio=20.  The ZnO posts are 
500nm tall with a=250nm.  The posts are on a 1µm thick base layer of ZnO on top of a thick 
layer of spinel. ZnO pillars, posts, base layers and spinel substrate regions are denoted with 
the black lines and labeled.   
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 Most of the structures grown throughout this chapter are hexagonal due to the 
crystalline symmetry of the ZnO material.  Therefore, the photonic crystals grown, which 
will presented later in this chapter, have constrained posts regions, which are circular, and 
unconstrained pillars, which are hexagonal.  Similar simulations to those shown in Figure 
5.34 were done for hexagonal pillars rather than circular pillars.  The results are presented in 
Figure 5.36 and show a similar trend to that seen for the circular pillars.  The quality factor 
for hexagonal pillars in air with r=90nm, a=250nm, and aspect ratios=20 was previously 
found to be ~4260.  Simulations of hexagonal pillar photonic crystals on posts with radii up 
to 60nm showed very similar quality factors.  Increasing the post radius to 70nm decreased 
the quality factor by approximately 15% to ~3650, which is still higher than that for ZnO 
pillars directly on the base layer or on the spinel substrate.  Quality factors for the ZnO 
photonic crystals on posts that are similar to those in air are possible because the post region 
of the structures has a different effective refractive index than the pillar region.  This 
difference in the refractive indices isolates the mode in the pillar region for structures where 
there is as small as a 10nm difference between the post and pillar radii.   
 The hexagonal ZnO pillar photonic crystals were further characterized by changing 
the aspect ratio of the pillars and the height of the posts.  Figure 5.37 shows the quality 
factors for photonic crystals consisting of hexagonal pillars with different aspect ratios.  In 
these simulations the pillar radius was fixed at 90nm and the height of the pillar was varied 
between 3.6µm and 0.36µm.  Photonic crystals with hexagonal pillars with larger aspect 
ratios, above 10, showed only small differences in quality factors.  As the hexagonal pillar 
aspect ratio was decreased below 10, a dramatic drop in the quality factor was observed.    
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Figure 5.36: FDTD simulation of the quality factor of ZnO hexagonal pillar photonic crystals 
on ZnO posts with different post radii.  The circular posts were 500nm tall and with a pitch 
of 250nm. The pillars were hexagonal with r=90nm, a=250nm, and aspect ratio=20.  The 
substrate for the simulations was a 1µm thick base layer of ZnO on top of a thick layer of 
spinel. 
 Lastly, the post height was varied between 50nm and 500nm as shown in Figure 5.38.  
The quality factor of the band edge mode in the photonic crystal, which consists of a 9x9 
array of hexagonal pillars, decreases as the post radius decreases and the pillars are brought 
closer to the ZnO base layer.  It can be seen that for post heights of 400nm and above for the 
structures simulated in Figure 5.38 that the quality factor begins to level off at the value 
simulated for the photonic crystals in air.  The quality factors for photonic crystal structures 
with post heights of 500nm, 200nm, and 50nm are approximately 4000, 3200, and 1400 
respectively. 
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Figure 5.37: FDTD simulation of the quality factor of ZnO hexagonal pillar photonic crystals 
on ZnO posts with different pillar aspect ratios.  The circular posts were 500nm tall with r= 
90nm and a= 250nm. The pillars were hexagonal with r=90nm and a=250nm.  The substrate 
was a 1µm thick base layer of ZnO on top of a thick layer of spinel. 
 
Figure 5.38: FDTD simulation of the quality factor of ZnO hexagonal pillar photonic crystals 
on ZnO posts with different post heights.  The circular posts had r= 90nm and a= 250nm. The 
pillars were hexagonal with r=90nm, a=250nm, and aspect ratios=20.  The substrate was a 
1µm thick base layer of ZnO on top of a thick layer of spinel. 
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 All of the simulations in this chapter have led to a detailed understanding of the 
optimal size, shape, and structure for ZnO photonic crystals consisting of square arrays of 
pillars.  Keeping in mind the aqueous growth method used to fabricate ZnO structures, the 
optimal design for the photonic crystals is to grow them on posts.  By doing so the optical 
modes are highly confined to the pillar regions and high quality factor devices have been 
simulated.  In addition if the pillars and posts have sufficiently different radii, quality factors 
similar to those simulated with the devices in air are seen.   
 ZnO pillar photonic crystals have been fabricated using the aqueous growth method 
detailed in Chapter 2.4.  Precise patterning of the PMMA molds, in which the post regions of 
the photonic crystal structures will grow, is made possible by using e-beam lithography.  
Two different growth solutions were used to fabricate the photonic crystals, one with citrate 
which created short pillars on the ZnO base layer and one without citrate which created tall 
pillars on posts.   
 The first growth solution consisted of 0.2g of zinc nitrate hexahydrate, 0.05 g of 
sodium citrate tribasic dehydrate, 1.25mL of 15M ammonium hydroxide, and 24mL of 
deionized water.  A variety of photonic crystals were grown for 1 hour and 50 minutes from 
mold openings with different radii and pitches.  The photonic crystals grown using this 
growth solution with citrate resulted in structures a few hundred nanometers taller than the 
PMMA resist as can be seen in Figure 5.39.  To try and fabricate taller structures another 
sample was grown for a longer time however, the overgrown ZnO fused together.  Therefore, 
the growth solution with citrate is ideal for creating pillar photonic crystals directly on a 
substrate.  Currently, structures can only be grown on a base layer of ZnO but previously 
shown simulations indicated that such devices would have very low quality factors.  In the 
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future, it may be possible to fabricate ZnO pillars directly on the spinel layer, which would 
increase the quality factor.  In addition, it was found that spinning additional layers of 
PMMA onto the samples resulted in molds as tall as 1µm.  Growth of ZnO pillar photonic 
crystals through these taller molds would result in pillars with higher aspect ratios and thus 
higher quality factors.   
 
Figure 5.39: SEM images of ZnO photonic crystals grown for 1 hour and 50 minutes through 
molds with (a) r=50nm and a=500nm, (b) r=90nm and a=500nm, (c) r=150nm and a=550nm, 
and (d) r=150nm and a=450nm.  All photonic crystals are grown on a thick base layer of 
ZnO and spinel substrate.  (a) and (b) are at a 5° tilt and (c) and (d) are at a 25° tilt. 
 The second growth solution consisted of 0.2g of zinc nitrate hexahydrate, 1.25mL of 
15M ammonium hydroxide, and 24mL of deionized water.  Figure 5.40 shows several SEM 
images of photonic crystals grown for 1 hour 30 minutes and 1 hour 45 minutes through 
molds with holes of different radii and pitches.  In contrast to the photonic crystals grown in 
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Figure 5.39, these photonic crystals are significantly taller due to the removal of the sodium 
citrate from the growth solution.  In addition, the removal of sodium citrate results in slightly 
tapered ZnO pillars, as the vertical growth is much faster than the horizontal growth.  
Circular post regions, on which the hexagonal pillars grow from, as well as pillars with 
aspect ratios as high as 20:1, can be seen in Figure 5.40(c) and Figure 5.40(d).  This figure 
also shows the ability to fabricate ZnO pillar photonic crystals with a range of r/a values on 
clearly defined posts.  
 
Figure 5.40: Top-down SEM images of ZnO photonic crystals grown for 1 hour and 30 
minutes without citrate through molds with (a) r=210nm and a=600nm and (b) r=70nm and 
a=600nm.  SEM images taken at a 15° tilt of ZnO photonic crystals grown for 1 hour and 45 
minutes without citrate through molds with (c) r=90nm and a=450nm, and (d) r=70nm and 
a=600nm.  All photonic crystals are grown on a thick base layer of ZnO and spinel substrate.   
 Bottom-up growth of single crystalline ZnO pillar photonic cavities have been 
demonstrated in Figure 5.39 and Figure 5.40.  The aqueous growth technique is an ideal 
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method for fabricating such structures, as it allows for control over the size, spacing, and 
aspect ratio of the pillars in the photonic crystal without the use of etching.  This process 
results in vertical, crystallographically smooth sidewalls that are ideal for photonic 
applications.  Band edge modes and quality factors of photonic crystals made from square 
arrays of pillars have been simulated.  A promising future avenue of research would be to 
extend this work to fabricate devices with parameters optimized for photonic devices.  This 
could be achieved through careful optimization of the growth solution and conditions to 
create photonic crystals with the appropriate ratio of radius to pitch and aspect ratio.  There 
are many applications, such as waveguides, filters, and cavities, where the ability to fabricate 
high aspect ratio pillars and pillar photonic crystals is advantageous.  While it has proven 
difficult to create high aspect ratio pillars using top-down approaches, the constrained 
aqueous growth methods demonstrated here overcome this fabrication limitation and are 
ideal for fabricating high quality devices  
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Chapter 6  
 
Single Crystal ZnO Formed 
Epitaxially on Single Crystal Gold 
 
 
6.1 Introduction and Motivation 
 The interface between metal and oxide or metal and semiconductor can play a critical 
role in the performance of electrical, plasmonic, and optical devices [226]–[229]. The ability 
to form an epitaxial relationship between a metal and an oxide opens the door for better 
electrical contacts in devices [230], enhanced plasmonic interactions at the material interface 
[231], [232], and the advancement of catalysts [233], [234].  In optical devices, metal-oxide 
interfaces are important for both the electrical injection of carriers into devices as well as for 
the possibility for enhanced light extraction from the device.  Most metal-oxide interfaces are 
formed using vapor phase deposition techniques, which often result in polycrystalline 
materials with non-epitaxial relationships.  These techniques have limitations such as the 
incorporation of containments at the interface and alloying of the metal with the material on 
which it is deposited.  
 The field of material interfaces has been well explored over the past several decades 
and has led to numerous findings and advancements.  Much of the work to date has focused 
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on interfaces between two different semiconductors or oxide materials.  This research on 
material interfaces has been motivated by the desire to grow heterostructures and/or deposit 
semiconductor layers on various substrate materials to create novel devices.  Previous work 
has concentrated on depositing materials on nearly lattice-matched substrates or using a 
transitional buffer layer between materials with greater differences in their lattice constants in 
an attempt to create higher quality materials and minimize strain induced dislocations.  Thin 
layers of lattice-mismatched or strained materials, below a ‘critical layer thickness’ can grow 
without the creation of defects [235], [236].  Such careful control of the growth of strained or 
buffer layers general require techniques such as molecular beam epitaxy, where each atomic 
layer of deposited material can be precisely controlled.  
 ZnO has been epitaxially grown on several near lattice-matched substrates including 
gallium nitride [52] and silicon carbide [67], where the lattice mismatch is 1.9% and 5.5% 
respectively.  In addition, ZnO has been epitaxially grown using metalorganic chemical 
vapor deposition on sapphire which has a larger lattice mismatch of ~16.7% [67], [237].  
While these semiconductor-semiconductor interfaces have many uses in heterostructure 
devices, metal-semiconductor interfaces also have a wide range of applications.  
Traditionally, metals are deposited on semiconductors to make electrical contacts where the 
interface between the materials plays an important role in determining the contact resistance.  
In semiconductor optoelectronic devices, metals are used to inject carriers into an optically 
active device or to act as a nanoantenna to enhance plasmonic effects where again the 
semiconductor-metal interfaces are important.  The quality of the metal-semiconductor 
interface is therefore critical in determining the quality of the performance of the device, 
however, it is only in rare instances that an epitaxial metal-on-semiconductor material system 
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is used [238].  In those instances, the metal layer is grown epitaxially on the semiconductor.  
In this chapter, the low temperature, aqueous, epitaxial growth of single crystalline ZnO on 
single crystalline gold microplates is investigated [129].  It is demonstrated that smooth, 
continuous films of ZnO can epitaxially be grown on large gold microplates with a dominant 
epitaxial relationship of ZnO! 1100 0002 ∥ Au! 211 (111).  This relationship between the 
ZnO and gold has no rotation between the close packed lattices of the two materials. 
 In contrast to studies investigating semiconductor-semiconductor interfaces of 
materials with different lattice constants where the material is gradually transitioned from 
one to the other to avoid abrupt lattice changes, the growth of semiconductors on metals are 
not always possible using the same techniques.  ZnO and gold have both different lattice 
constants and crystal structures.  The crystalline structure of ZnO is typically hexagonal 
wurtzite with lattice constants a = b = 0.3250nm and c = 0.5207nm.  The crystalline structure 
of gold, on the other hand, is a face-centered cubic (FCC) structure with a lattice constant a = 
0.4079.  The lattice mismatch between the two materials for the close-packed planes is 
calculated using Equation 6.1 and found to be 12.7%. 
(aZnO!aAu 22 )/(aAu 22 )"="12.7% (6.1) 
One would think that due to this lattice mismatch between ZnO and gold that it would be a 
challenge to create epitaxial interfaces between these two materials.  Results in this chapter, 
however, demonstrate a simple and powerful method for the epitaxial growth of single 
crystalline ZnO on single crystalline Au.   
 Previous work studying ZnO-Au interfaces has relied upon low temperature 
deposition techniques to achieve good interfaces between the materials due to differences in 
the thermal expansion coefficients of ZnO and gold [239].  The thermal expansion 
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coefficients for ZnO and gold are 6.5 x 10-6 (/°K) [52] and 14.0 x 10-6 (/°K) [240] 
respectively.  Many deposition and growth techniques of ZnO are not suitable for creating 
epitaxial interfaces on gold as they rely on high temperature methods.  There have, however, 
been a few reports of the epitaxial growth of ZnO on gold.  One such report shows that ZnO 
nanopillars have been epitaxially electrodeposited on several orientations of single crystalline 
gold substrates [241], [242].  In addition to epitaxial interfaces between the ZnO and gold, 
smooth films of ZnO are desirable for many optoelectronic applications such as current 
spreading layers in light emitting diode devices [138].  In previous reports, smooth, 
continuous epitaxial films of ZnO on Au have been difficult to achieve.  In this work, large 
single crystalline gold microplates are created using a single step thermolysis technique 
[243], [244] onto which thick layers of single crystalline ZnO are nucleated and grown by the 
low temperature aqueous growth method utilized throughout this work.  Some of the 
advantages of this low temperature aqueous growth method on gold microplates are that the 
growth method doesn’t require an electrical bias, which was needed for electro-deposition of 
ZnO [241], [242], and that large, smooth films of ZnO are created due to the coalescence of 
ZnO rods during the growth.  In addition, the large gold microplates can be grown on any 
substrate as long as that substrate does not react with the growth solution and can withstand 
the 130°C fabrication process temperature.  All of these advantages make the aqueous 
epitaxial growth of single crystalline ZnO on single crystalline gold an exciting and 
important development for the creation of novel devices and structures. 
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6.2 Experimental Methods 
 This work focuses on growing and characterizing ZnO-Au interfaces by combining 
the ZnO aqueous growth method used throughout this thesis with large gold microplates 
grown via the method detailed in [243], [244], as shown in Figure 6.1.  This method involves 
the growth of Au microplates on silicon substrates by thermolysis of a (AuCl4)--
tetraoctylammonium bromide (TOAB) complex in air [243], [244].  In order to perform this 
gold microplate synthesis technique, 3.2mL of 25mM hydrogen tetrachloroaurate(III) hydrate 
in deionized water was mixed with 8mL of 50mM tetraoctylammonium bromide (TOAB) in 
toluene.  The solution was continuously stirred using a magnetic stir bar and then the top part 
of the solution, consisting of a Au-TOAB complex in toluene, was pipetted off and placed in 
a separate vial. Following this, the silicon substrates were placed on a 130°C hotplate where 
the Au-TOAB complex in toluene was drop-cast onto the substrates.  The samples were left 
on the hotplate for 24 to 48 hours, depending on how the gold plate formation was 
progressing, and then thoroughly rinsed in toluene and dried with nitrogen.  Gold plates 
formed were either triangular or hexagonal, and the top surfaces of these microplates were 
found to be atomically smooth making them ideal for the growth of smooth ZnO films. 
 
Figure 6.1: Fabrication process for epitaxial growth of single crystalline ZnO on single 
crystalline gold microplates.  Gold microplates are formed using a single step thermolysis 
technique.  ZnO is grown on top of the gold microplates using a low temperature aqueous 
growth method. 
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 The ZnO was grown on the Au microplates using the aqueous solution based growth 
detailed in Chapter 2 [65], [75], [138].  This method is a two-step nucleation and growth 
process where ZnO is first nucleated on the substrate and then subsequently grown such that 
the nucleated islands of ZnO coalesce into uniform single crystalline films.  All gold 
microplate substrates were first cleaned in an Anatech 106 oxygen plasma barrel asher for 1 
minute to remove any organics on the surface.  Two different ZnO nucleation methods, either 
microwave or oven heating, were used in this work to study the different ZnO film 
morphologies.  The first nucleation method involved placing the sample, consisting of the 
silicon with gold microplates on it, upside down in a Teflon container consisting of a solution 
of 0.2g zinc nitrate hexahydrate, 1.25mL of 15M ammonium hydroxide, and 24mL of 
deionized water.  The top was then tightly closed on the Teflon container and the vessel was 
placed in a microwave oven (GE model JES738WJ02) for 25 seconds.  Microwave heating 
produces a rapid change in the temperature of the solution, therefore causing a 
supersaturation to occur.  The second nucleation method involved the same growth solution 
and container except it was placed in a 90°C conventional oven for at least 1.5 hours.  
Following the nucleation in both cases, the containers were removed from either the 
microwave or oven and the samples were thoroughly rinsed with deionized water and dried 
with nitrogen.  For each sample either the microwave nucleation or oven nucleation method 
was used.   
 Regardless of which nucleation method was used, the growth stage was performed by 
placing the nucleated sample upside down in a Teflon container consisting of 0.2g of zinc 
nitrate hexahydrate, 1.25mL of 15M ammonium hydroxide, 24mL of deionized water, and 
0.05g of sodium citrate tribasic dehydrate.  The container was tightly sealed and placed in a 
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90°C conventional oven for between 4 hours and 24 hours depending on the thickness of 
ZnO desired.  Following the growth, the container was removed from the oven and the 
sample was carefully rinsed with deionized water and dried with nitrogen.     
 To investigate the ZnO at the interface with the gold microplate, a flip-press process 
was used to invert the ZnO-gold plate structures as shown in Figure 6.2.  This flip-press 
process involved spin coating a silicon substrate with AZ 5214E (Clariant) photoresist at 
2000rpm for 30s.  The silicon with photoresist on it was then soft-baked at 100°C for 1min, 
which resulted in an approximately 2µm thick layer of resist.  The ZnO-gold structures on the 
other silicon substrate were flipped upside down and pressed into the silicon substrate with 
photoresist on it.  To ensure even pressure on the sandwiched structure a heavy block was 
placed on top.  The sandwiched structure was then heated to 130°C, which is above the glass 
transition temperature of the photoresist [245], and held at that temperature for 30 minutes 
before being cooled to room temperature.  Once the sample was completely cooled, the two 
pieces of silicon were separated and some of the microplate structures remained stuck in the 
photoresist.  After the flip-press process, the gold was completely removed using a selective 
chemical wet etch, Au etchant Type TFA (Transene Company).  The sample was left in the 
gold etch for between 10 minutes and 60 minutes depending on the thickness of the gold 
plate.  Study of the now exposed ZnO allows for the detailed investigation of the ZnO 
material at the interface.    
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Figure 6.2: Flip-press process for investigation of ZnO material at ZnO-gold interface. 
 A thorough investigation of the ZnO at this interface layer was performed using 
several techniques.  Scanning electron microscopy (SEM) was used to image the top surfaces 
of structures.  It was done using a Supra55VP field emission SEM (Carl Zeiss AG, 
Germany).  This SEM was also used for electron backscatter diffraction (EBSD) 
measurements to investigate the crystalline orientation of the ZnO and Au as well as the 
material quality.  An Asylum MFP-3D atomic force microscope (AFM) was used to measure 
surface roughness of the various materials studied.  Optical measurements were performed 
using the 325nm (HeCd) laser in the LabRAM ARAMIS photoluminescence system 
(HORIBA Scientific, Japan) described in Chapter 3.  Transmission electron microscopy 
(TEM) was used to further investigate and confirm the epitaxial relationship between the 
ZnO and Au.  A “lift-out” method performed using a Zeiss NVision 40 focused ion beam 
(FIB) system was employed to fabricate cross-sectional samples needed for TEM 
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measurements.  The TEM measurements were done on a JOEL-2100 at 200kV.  A Zeiss 
Libra 200 monochromatic, Cs-corrected transmission electron microscope at 200kV (Cs-
corrected to approximately -1µm) was used to obtain the HRTEM micrograph. 
 
6.3 Results and Discussions 
 The first step in the investigation of the epitaxial growth of single crystalline zinc 
oxide on the single crystalline microplates was to study the effects of the two different 
nucleation methods.  As described in the previous section, both microwave and conventional 
oven nucleation techniques were used on different samples.  Figure 6.3 shows both drawings 
as well as SEM images of the resulting nucleation layers using both methods.  ZnO is grown 
using the before mentioned aqueous growth method by the slow increase in temperature 
resulting in the decrease in the solubility of zinc species in the solution [74], [75].  Figure 
6.3(a) shows a SEM image of a gold microplate used as the substrate for ZnO nucleation and 
growth.  The gold microplate is atomically flat with well-defined edges.  The microwave 
nucleation technique caused a rapid temperature change of the growth solution up to 
approximately 95°C.  This change in temperature resulted the nucleation of a dense ZnO seed 
layer on the gold microplates as shown in Figure 6.3(c).  In addition to nucleation on the gold 
plates, some ZnO nucleation also occurred on the silicon wafer.  The ZnO seed layer, as 
depicted in Figure 6.3(b) and shown in Figure 6.3(c), is made up of many hexagonal faceted 
pillar structures covering the gold microplate.     
 Oven nucleation of the ZnO is shown in Figure 6.3(d) and Figure 6.3(e).  The oven 
nucleation increases the temperature of the solution much more slowly, over the course of 1.5 
hours, than the microwave nucleation technique.  In this case, randomly dispersed ZnO 
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crystallites were observed sparsely covering the Au microplate.  While some of the ZnO 
crystallites were up to 1µm tall, many granular ZnO particles were seen across the surface of 
the gold.  It has previously been shown that it is possible to grow ZnO nanowires on metal 
films, such as gold, without the use of a seed layer [246].   If the sample was left in the oven 
for a longer period of time it is believed that similar nanowire structures would have been 
observed.  The large variation in the height of the ZnO nucleated on the gold microplates 
using the conventional oven technique is attributed to some of the ZnO islands starting to 
grow at an earlier time than others.  Therefore, the two different nucleation techniques, while 
both resulting in ZnO nucleation on the Au microplates, produced very different seed layers. 
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Figure 6.3: ZnO aqueous nucleation on single crystalline gold microplates using two 
different speed nucleation techniques, which controlled the growth kinetics.  (a) SEM image 
of the single crystalline microplate.  (b) Schematic of ZnO nucleated on the gold microplate 
using the microwave nucleation technique showing the densely packed, hexagonally faceted 
pillar structures.  (c) SEM image of ZnO seed layer on Au microplate formed using 
microwave nucleation.  The bottom left and top right inserts show high magnification images 
of the ZnO seed layer at the corner of the microplate and middle of the microplate 
respectively.  The scale bar for the bottom left insert is 1µm and the scale bar for the top right 
insert is 200nm.  (d) Schematic of ZnO nucleated on the gold microplate using oven 
nucleation technique showing the sparse ZnO seed layer of varying height.  (e) SEM image 
taken at a 45° angle of the ZnO seed layer on the Au microplate formed using oven 
nucleation.  [129] 
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 Following nucleation, a growth step was done in a 90°C conventional oven to create 
ZnO films on top of the gold microplates.  Figure 6.4(a) and Figure 6.4(c) show schematic 
drawings of the ZnO layer grown after microwave nucleation and oven nucleation, 
respectively.  Figure 6.4(b) and Figure 6.4(d) show the corresponding SEM images taken of 
top surface of the ZnO film on the Au microplates.  For the case where microwave nucleation 
was used to create the seed layer followed by aqueous growth in a conventional oven, a 
smooth, flat ZnO film is observed on top of the Au.  The individual ZnO structures formed 
during the nucleation coalesced during the growth stage.  The root mean square roughness of 
the ZnO film was measured used AFM and found to be 7nm.   
 When oven nucleation was performed before the growth step, the ZnO film was 
found to be rough and faceted as shown in Figure 6.4(d).  In this case, each of the nucleated 
islands, which were all different heights, grew together forming a film of ZnO with very 
distinctive hexagonal grains.  In addition, these large, hexagonal grains were also at various 
heights causing the overall film to be rough.  Interestingly, the epitaxial relationship between 
the ZnO and the gold is, however, observed in these films, as each of the hexagonal grains is 
oriented in the same direction.  The ZnO that grew on the silicon substrate didn’t show this 
alignment of the grains.   
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Figure 6.4: Film morphology of the ZnO layer grown on gold after microwave nucleation 
(left column) and after oven nucleation (right column).  (a) Schematic of the smooth, flat 
ZnO grown on the Au microplate after microwave nucleation and then growth.  (b) SEM 
image of the smooth, flat ZnO grown on the gold microplate after the microwave nucleation 
step.  The insert shows the entire microplate with ZnO grown on it.  The scale bar is equal to 
40µm.  (c) Schematic of the rough, faceted ZnO grown on the Au microplate after oven 
nucleation and then growth.  (d) SEM image taken at a 45° angle of the rough, faceted ZnO 
grown on the gold microplate after the oven nucleation step.  The insert shows the entire 
microplate with ZnO grown on it.  The scale bar is equal to 20µm. [129] 
  
 
 
 
 142 
 As the ZnO growth on the gold microplates covered all sides of the microplates, 
focused ion beam milling was used to accurately measure the thickness of the ZnO films.  
ZnO films grown on gold microplates, which were nucleated using the fast microwave 
technique, were measured to be approximately 3µm as shown in Figure 6.5(a).  Films grown 
after the oven nucleation step were found to be approximately 10µm as shown in Figure 
6.5(b).  Identical growth solutions were used in both cases and therefore the total volume of 
ZnO grown should be equivalent.  The difference in the thickness of the ZnO grown on the 
gold microplates is due to the substantial nucleation and growth of ZnO on the silicon 
substrate for the microwave nucleated sample.  The sample nucleated in the oven and then 
grown had very minimal growth on the silicon substrate.  Nucleation of ZnO only on the 
metal has been previously observed in the literature [246].  Therefore, it makes sense that 
when the ZnO only grows on the Au microplate the film thickness will be larger. 
 
Figure 6.5: Focused ion beam cross-section images of ZnO grown on gold microplates.  (a) 
ZnO grown on gold using fast, microwave nucleation method.  ZnO film thickness is 
approximately 3µm.  (b) ZnO grown on gold using slow, oven nucleation method.  ZnO film 
thickness is approximately 10µm. [129] 
 To investigate the ZnO material directly on top of the gold plate, the flip press 
process shown in Figure 6.2 was used.  Figure 6.6(a) shows an SEM image of one of the 
flipped plates after the gold plate has been etched away.  The specific sample shown in 
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Figure 6.6(a) was nucleated using the fast nucleation technique and then subsequently grown 
however, films fabricated using the slow nucleation method were also flipped and 
investigated.  More detailed SEM images of the ZnO at the ZnO/Au interface are shown in 
Figure 6.6(b) and Figure 6.6(d) for the fast and slow nucleation respectively.  In addition, 
atomic force microscopy, shown in Figure 6.6(c) and Figure 6.6(e), was used to measure the 
roughness of the ZnO film at the interface.  The ZnO material at the ZnO-Au interface when 
nucleated quickly had a root-mean-squared (RMS) roughness of approximately 50nm while 
the RMS roughness of the material nucleated slowly was approximately 4nm.  
 The ZnO film produced using the fast nucleation technique and growth is more 
porous than the film nucleated slowly.  During the fast nucleation, many hexagonal ZnO 
nanopillars with about the same height are formed on the gold plate.  When ZnO growth 
occurs, it may be difficult for the Zn species to diffuse to the bottom of the nucleated pillars 
due to the high density of the pillars on the gold plate.  As a consequence during the ZnO 
growth, the ZnO is not able to coalesce near the bottom of the nucleated layer leading to the 
porous material.  In the case of the slowly nucleated film, the ZnO material is able to fully 
coalesce at the ZnO/Au interface because the nucleation layer is much less dense.  The 
growth solution is able to diffuse to the ZnO/Au interface and the nucleated ZnO coalesces 
into a smooth film.  It can be seen in Figure 6.6(d) that there appear to be several large grains 
in the ZnO film.  These grains are not found to correspond to any specific crystalline 
direction and are believed to be a result of disturbances in the growth solution during the long 
nucleation time.  For example, it is possible that precipitates settled onto the surface of the 
gold plate during the nucleation or that the gold plate undergoes some deformation, which 
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causes the grains to appear.  The exact cause of the grains at the ZnO/Au surface for the 
slowly nucleated film is still being investigated.   
 
 
Figure 6.6: SEM and AFM images of the ZnO on gold microplates after the removal of the 
gold plate. (a) SEM image of the entire flipped structure showing the ZnO material that was 
at the interface with the gold. (b) Detailed SEM image of the ZnO material at the interface 
formed using the fast nucleation technique. (c) AFM image of the ZnO at the interface 
formed using the fast nucleation technique.  The rms roughness is 50nm.  (d) Detailed SEM 
image of the ZnO material at the interface formed using the slow nucleation technique. (c) 
AFM image of the ZnO at the interface formed using the slow nucleation technique.  The rms 
roughness is 4nm. [129] 
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 Electron backscatter diffraction was used to study the crystal orientations of the ZnO 
film and gold plate and infer an epitaxial relationship between the two materials.  The sample 
shown in Figure 6.7 was nucleated using the fast nucleation technique and then subsequently 
grown however, EBSD measurements, not shown here, were also performed on samples 
fabricated using the slow nucleation technique and gave similar results.  Figure 6.7(a) shows 
the inverse pole figure map for the gold microplate.  It is clear from this map that the gold 
microplate is single crystalline with no evidence of grain boundaries.  In addition, the top 
surface of the gold plate is oriented in the (111) direction.  Figure 6.7(b) shows the inverse 
pole figure map for the gold plate after the nucleation and growth of ZnO.  Again the 
material is found to be single crystalline and the top surface of the ZnO is oriented in the 
(0001) direction.  
 
Figure 6.7: EBSD measurements performed on a gold microplate before and after ZnO 
growth.  (a) EBSD IPF map of a single crystal gold microplate.  (b) EBSD IPF map of ZnO 
grown on the same gold microplate.  The upper right inset for both (a) and (b) show the unit 
cell of the gold microplate.  The lower left insert shows the SEM image of the structure 
EBSD was performed on in both cases.  [129] 
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 Angular characterization was performed using electron backscatter diffraction for 
numerous points across the plate as shown in Figure 6.8.  The tight distributions in the pole 
figures for both the gold plate and the ZnO film confirm that the materials are single 
crystalline.  In addition, the relative misorientation in the ZnO and gold is found to be 
negligible and no large angle grain boundaries are observed.  As can be seen in the histogram 
of angular point-to-point misorientation in Figure 6.8, the distribution of the crystallographic 
directions observed for the gold plate appears to be smaller than that for the ZnO film.  Only 
about 3% of the points measured on the ZnO film had a missorientaion larger than the ~2° 
resolution of the EBSD measurement.  Therefore, small angle grain boundaries are found in 
the ZnO material.   
 
Figure 6.8: Electron backscatter diffraction angular characterization of a gold microplate and 
the ZnO film.  (a) Pole figure of a gold microplate.  (b) Pole figure of the ZnO film.  (c) 
Distribution of point-to-point angular misorientation of ZnO and gold.  [129] 
 The two EBSD measurements shown in Figure 6.7 were slightly rotated with respect 
to each other.  After the rotation was accounted for, a comparison of the unit cells for the 
gold microplate and ZnO film, shown as insets in Figure 6.7(a) and Figure 6.7(b) 
respectively, revealed an epitaxial relationship across a large area.  From the EBSD data the 
epitaxial relationship ZnO! 1100 0002 ∥ Au! 211 (111)  is inferred.  Due to the low 
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angular resolution of the EBSD measurement, transmission electron microscopy was used to 
confirm the epitaxial relationship between the two materials.   
 Mor Baram, a now former postdoc in Professor David Clarke’s laboratory, performed 
the TEM measurements presented here to further investigate the epitaxial relationship 
between the ZnO and gold.  These measurements are detailed in [129] and show conclusively 
that two epitaxial relationships are observed between ZnO and gold.  A sample for the TEM 
measurements, shown in Figure 6.9, was made using focused ion beam milling.  A columnar 
microstructure is observed in the bright field TEM image of the ZnO on gold sample 
indicating that the material originally grew from small islands of material before coalescing 
into a film.  The roughness observed on the top surface of the ZnO material in Figure 6.9 is 
due to the material thinning necessary for TEM sample preparation.   
 
Figure 6.9: Bright field TEM image of a cross-section of the ZnO on gold structure showing 
the interface between the two materials.  The appearance of column structures indicates that 
the ZnO originally grew from islands of material.  The top surface roughness of the ZnO is 
due to the thinning of the material during sample preparation. [129] 
 Selected area electron diffraction (SAED) was used to index the planes present in the 
cross-sectional TEM image at the interface as shown in Figure 6.10(a).  The lines in the 
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SAED images are due to camera artifacts and can be ignored.  The left most image is the 
SAED for ZnO near the ZnO/Au interface, the middle image is the SAED for the ZnO/Au 
interface, and the right most image is the SAED for Au near the interface. 
 
Figure 6.10: Selected area electron diffraction (SAED) and cross-sectional TEM 
confirmation of the epitaxial relationship between ZnO and gold.  (a) SAED of (left) ZnO, 
(middle) ZnO and gold, and (right) gold near the interface.  (b) Drawing of the 2D projection 
of the close-packed planes of Au (111) and ZnO (0001) at the interface.  The solid line is the 
unit cell for gold and the dashed line is the unit cell for ZnO.  Two epitaxial relationships are 
observed which correspond to (left) no lattice rotation and (right) a 30° lattice rotation about 
the [0001] axis with respect to the (111)[111] gold lattice. [129] 
 Two zone axes are observed in the SAED images shown in Figure 6.10(a) indicating 
that two orientations of ZnO are epitaxial with the Au microplate at the interface measured.  
The first epitaxial relationship measured is ZnO! 1100 0002 ∥ Au! 211 (111), which 
corresponds to no rotation between the two close packed lattices as shown in the left part of 
Figure 6.10(b).  The other epitaxial relationship found is ZnO! 1210 0002 ∥ Au! 211 (111), which corresponds to a 30° lattice rotation about the 
[0001] axis with respect to the (111)[111] gold lattice as shown in the right part of Figure 
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6.10(b).  It was determined using the strength of the SAED signal reflections from 1100  
and 1210  ZnO that the preferred and dominant epitaxial crystal orientation is ZnO! 1100 0002 ∥ Au! 211 (111) as the 1100  reflections of ZnO were much stronger. 
 Lastly, photoluminescence spectroscopy, shown in Figure 6.11, was done to further 
investigate the quality of ZnO epitaxially grown on the gold microplates.  The data shown in 
Figure 6.11 is from a ZnO film for which a fast nucleation step was used followed by ZnO 
growth.  Similar to results shown in Chapter 3, the initially grown ZnO shows 
photoluminescence at higher energies (lower wavelengths) than would be expected.  Two peaks 
can be resolved in the band edge peak of the spectra at 3.5eV and 3.28eV.  The sample was then 
annealed on a hotplate at 250°C for 30 minutes followed by at 300°C for 30 minutes.  The 
photoluminescence spectrum after being annealed was shifted to lower energies (~3.26eV) and 
appears more asymmetric.  In addition, the intensity of the band edge peak increases after being 
annealed.  The change in the photoluminescence spectrum with heating of the ZnO is attributed 
to the release of water from the material.  Since an aqueous growth is used, it is likely that some 
residual water remains in the film after growth.  Once the defects are removed from the ZnO by 
heating, a large UV band edge peak is observed, which is characteristic of high quality ZnO.  The 
small defect band centered around 2.06eV or 600nm remains unchanged after the annealing of 
the ZnO films and the wavy pattern in the defect band of the photoluminescence spectra is due to 
thin film interference.   
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Figure 6.11: Photoluminescence spectroscopy of ZnO film grown on gold microplate before 
and after being annealed.  A step anneal on a hotplate of 30 minutes at 250°C followed by 30 
minutes at 300°C was used.  The insert is a log-linear plot of the two spectra where thin film 
interference is observed in the defect bands. [129] 
 
6.4 Conclusions  
 The ability to integrate metals and semiconductors is essential for the creation and 
performance of many high quality devices.  In this chapter single crystalline ZnO is 
epitaxially grown on Au microplates and the quality of the interface and the materials are 
studied.  Altering the speed of nucleation can control the morphology of both the top surface 
of the ZnO as well as the ZnO at the ZnO/Au interface.  The epitaxial relationship between 
the ZnO and Au was first studied using EBSD, which confirmed that both materials were 
single crystalline.  In addition, small angle grain boundaries were measured in the ZnO film.  
As the EBSD measurement had low resolution, the epitaxial relationship of the materials was 
further studied using TEM.  TEM revealed that there are two epitaxial relationships between 
ZnO and Au however, the most prominent relationship is ZnO! 1100 0002 ∥ Au! 211 (111).  This is the first reported low temperature, aqueous, 
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epitaxial growth of ZnO on gold [129].  The ability to epitaxially grow a semiconductor on a 
metal opens the door for many new and improved electrical, optical, and plasmonic devices.  
For example, a high quality metal-semiconductor interface promises more reliable, better-
controlled electrical transmission across that interface, as well as a better-controlled 
reflectivity at the metal-semiconductor interface.  In addition, being able to create an 
epitaxial interface between ZnO and Au is advantageous as one looks ahead at possibly 
electrically injecting many of the ZnO optical structures shown throughout this thesis.  
Overall, the epitaxial growth of ZnO on gold is important for both the continued 
investigations of the ZnO material as well as for the fabrication of novel ZnO devices.   
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Chapter 7  
 
Conclusion 
 
 
 This thesis has demonstrated the ability to grow high quality single crystalline ZnO 
using a bottom-up aqueous growth method.  The quality of the material was investigated, and 
the potential to create intricate three-dimensional structures was explored.  By growing ZnO 
through molds of various sizes and shapes, an understanding of how the material grows and 
the types of structures possible has been determined.  Several different devices have been 
fabricated, demonstrating promising steps towards the realization of high quality single 
crystalline ZnO optoelectronic devices.  In addition, the first demonstration of the low 
temperature, aqueous, epitaxial growth of ZnO on single crystalline gold plates is presented.  
This opens the door to many new and improved wide bandgap optoelectronic devices. 
 
7.1 Experimental Results Summary 
 The experimental results begin in Chapter 3 with a detailed investigation into the 
quality of aqueously grown single crystalline ZnO.  Photoluminescence of the as-grown ZnO 
shows the presence of additional energy levels in the material that are most likely caused by 
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the aqueous growth method used.  While the exact cause of the additional energy levels is 
still under investigation, it is believed that strain due to the lattice mismatch with the 
substrate is a contributing factor.  To explore this further, the effects of annealing aqueously 
grown ZnO films are investigated.  Upon heating, cracking of the grown layer is observed, 
resulting in a reduction in the magnitude of the strain throughout the ZnO material.  
Comparison of optical measurements before and after annealing show that after the growth-
induced strain is relieved the aqueously grown ZnO emits photoluminescence that closely 
resembles that of commercially purchased ZnO samples.  This confirms the high quality of 
the aqueously grown material.  Interestingly, it was also found that annealing the sample 
affected the photoconductivity of the aqueously grown material.  Before heating, the as-
grown ZnO had a large persistent photoconductivity that was not observed after the thermally 
induced cracking of the aqueously grown ZnO or in the commercially purchased ZnO.  It is 
therefore believed that thermal treatment of aqueously grown ZnO produces high quality 
single crystalline material.  This is a promising result as it allows for easy, low temperature 
growth of high quality wide bandgap material that can be used to fabricate a variety of 
optoelectronic devices.   
 In Chapter 4, experiments creating intricate three-dimensional structures using 
selective aqueous growth through pre-patterned molds are presented.  Photolithography and 
electron beam lithography are used to fabricate molds in a layer of PMMA resist, through 
which ZnO is grown.  Significantly, it is observed that the ZnO conforms exactly to the 
molded region however, once the material reaches the top of the mold, the ZnO grows 
unconstrained and typically forms hexagonal structures.  Furthermore, control of the size and 
shape of the ZnO structures produced with this method has been achieved via variation of the 
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mold size and shape, concentration of the growth solution, and growth time.  The potential 
for this method to produce high quality photonic devices is evidenced by the advantageous 
crystalline properties of the resulting structures.  The bottom-up fabrication technique 
presented in this work has been shown to produce structures with vertical sidewalls, 
crystallographic facets, and well-defined undercuts, all of which are difficult to achieve using 
most other fabrication methods.  Electron backscatter diffraction allowed for the detailed 
investigation into the orientation of the crystalline planes of ZnO with respect to the base 
layer and the orientation of the mold.  As expected, the orientation of the mold patterns 
relative to the crystalline planes of the ZnO strongly influence the resulting structures, with 
the highest quality structures resulting from cases where there was alignment.  The ability to 
fabricate complex three-dimensional structures in a controllable way is an import step 
towards bottom-up device fabrication in ZnO.   
 With a detailed understanding of how the ZnO grows and what structures are 
possible, three different types of devices are fabricated and simulated in Chapter 5.  These 
devices include microdisk resonators, ring structures, and pillar photonic crystals.  The fast 
growth rate of the vertical c-plane of ZnO was a challenge in fabricating both the microdisk 
resonators and ring structures, as the thickness of these devices typically needs to be on the 
order of the wavelength of light.  This work has made some progress towards the mitigation 
of this problem via manipulation of the growth aspect ratios by including sodium citrate.  
This is a promising avenue for future work into using the bottom-up aqueous method for 
creating photonic devices.  The ring structures fabricated show a 30° rotation between the 
inside and outside facets of the structures.  This has been seen previously in GaN however; 
this is the first experimental observation in ZnO.   
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 The last devices fabricated and simulated in Chapter 5 were pillar photonic crystal 
structures.  These devices are promising not only for use as cavities but also for use as 
waveguides and filters.  Unlike for the case of resonators discussed above, it is often 
desirable to create pillars with very high aspect ratios.  This makes the aqueous growth 
method used in this work ideal for creating pillar structures.  Photonic crystals with aspect 
ratios as high as 20:1 and various r/a values were fabricated.  Even though the ZnO pillars are 
grown on a base layer of ZnO, the post region, determined by the mold grown through, 
creates a region with a different effective refractive index and allows for optical isolation of 
light in the ZnO pillars.  Simulations of the quality factors of band edge modes in such ZnO 
pillar photonic crystals on posts were found to be similar to those for identical pillar photonic 
crystals with no posts or substrate.  This is an exciting and promising discovery and opens 
the door for the creation of single crystalline ZnO filters, waveguides, and photonic crystal 
cavities. 
 Lastly, Chapter 6 details the fabrication and investigation of the low temperature 
epitaxial growth of ZnO on single crystalline gold microplates.  To date, ZnO has been 
grown epitaxially on several materials including MgAl2O4 and GaN, amongst others, but the 
epitaxial growth of smooth continuous films on metals has not been reported.  Two different 
nucleation methods were used to alter the growth kinetics of the ZnO.  The fast nucleation 
and then growth produced smooth top surfaces of the ZnO while the slow nucleation and 
then growth produced a more rough material due to the larger variation in the height of the 
nucleated ZnO pillars.  A flip process was used to remove the ZnO-Au structures from the 
substrate so that the gold could be removed and the ZnO at the interface could be studied.  
The fast nucleation resulted in a material with a greater roughness than the slow nucleation 
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did.  It was determined using electron backscatter diffraction and transmission electron 
microscopy that an epitaxial relationship between ZnO and Au exists.  TEM measurements 
revealed that there are actually two epitaxial relationships however, the relationship with no 
rotation between the close packed planes of ZnO and Au was found to be the most 
prominent.  The low temperature, epitaxial growth of single crystalline ZnO on Au is 
important for many device applications.   
 Overall, the work presented in this thesis demonstrates the potential for using aqueous 
growth techniques for the bottom-up fabrication of ZnO devices.  A detailed study of the 
quality of the ZnO grown by this method, as well as the types of structures and devices that 
are possible, are presented.  In addition to creating high quality three-dimensional ZnO 
structures, epitaxial interfaces between ZnO and single crystalline gold are also realized 
using the same aqueous growth approach.  Such interfaces are a promising avenue for future 
study as they have the potential to increase the efficiency of electrical injection and light out-
coupling in optoelectronic devices.  With the increasing interest in using wide bandgap 
semiconductors for a range of optoelectronic applications, much attention has been focused 
on developing a way of integrating such materials into semiconductor technology.  This work 
represents a major step towards the development of ZnO devices, and the bottom-up aqueous 
growth method used throughout this thesis shows significant promise for integrating these 
structures with existing materials systems.  Promising avenues for extending this work 
include the development of optically active photonic crystals and the exploration of electrical 
injection and plasmonic effects in devices epitaxially grown on gold.   
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